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Polyamines constitute a major class of polymers and have attracted a 
number of applications owing to their unique properties as nucleophiles, bases, 
adsorbents, ligands, pH, stimuli and temperature sensitive and bio-active 
materials. In addition to their ubiquitous presence and abundance in nature, 
they are also synthesized commercially. Modern synthetic methods have 
provided ample opportunities to design polyamines in the laboratories with 
tailor-made properties including their solubility, biocompatibility, 
processability and addition of diverse functionalities. In this work, amine 
functional block and random copolymers were synthesized using controlled 
polymerization methods and structurally characterized. Their application as 
potential adsorbents for various pollutants in water was subsequently explored. 
Research on water purification is at the center stage currently due to a surge in 
industrialization that has resulted in an increase in number of pollutants in 
water. To avail clean and potable water, more sustainable and efficient 
methods of water treatment need to be employed. Adsorption process is 
proved to be one such effective method and hence the development of highly 
efficient adsorbents by synthesizing polyamines was aimed. 
In Chapter one, a brief review of different synthetic methods employed 
in the preparation of primary and secondary amine polymers and some of their 
applications are explained. The scope and outline of the thesis is discussed at 
the end of the chapter. In Chapter two, synthesis of three amphiphilic block 
copolymers comprised of hydrophobic styrene and hydrophilic amido-amines 
by ATRP method is described. The polymers are well characterized and used 
for extraction of silver and gold nanoparticles from water by liquid-liquid 
extraction method. It is observed that the polymers have high extraction 
efficiency for nanoparticles. Chapter three describes the synthesis and 
characterization of a different set of amphiphilic block copolymers 
synthesized by RAFT polymerization followed by click reaction. The 
extraction efficiency of these polymers for metal nanoparticles, heavy metal 
ions and organic dyes is investigated and these polymers show good extraction 
efficiency towards metal nanoparticles and anionic dyes. The higher extraction 
of anionic pollutants over cationic analogues also indicate an electrostatic 
ix 

interactions. Extraction kinetics and isotherms of these polymers with different 
pollutants are studied in detail. Chapter four describes the synthesis of amine 
functional microparticles by dispersion polymerization followed by ring 
opening substitution reactions. These amineparticles are used as effective 
adsorbents for the removal of Ag and Au NPs as well as lead and chromium 
metal ions. Mechanism of the adsorption processes is investigated by kinetics 
and isotherm models. The adsorption follows a pseudo-second order kinetics, 
thus highlighting the role of primary amine groups on the surface. In addition, 
Ag and Au NPs are synthesized on the amineparticle surface and used as 
catalyst in the reduction reactions.  
A different study concerning the formation of polyurea thin films at the 
liquid-liquid interface using branched polyethylenimine and smaller amines is 
demonstrated in Chapter five. Changes in the surface morphologies of the film 
with the nature and concentrations of reactants are studied in detail. Also the 
diffusion process of molecules through the film is demonstrated and its 
potential application as a platform for the synthesis of metal nanoparticles on 
the surface by the reactive amine groups is studied. In Chapter six, aryl alkyl 
polyesters with molecular kinks in the structures are synthesized and 
characterized. The structures were compared with the linear polyesters 
reported in the literature. Interestingly two of the synthesized polymers show 
fiber like morphologies by drop casting in a mixture of solvents due to the 
alignment of hydrophobic rigid aromatic backbone in the presence of 
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CROP Cationic ring opening polymerization 
CRP Controlled Radical polymerization 
CTA Charge transfer agent 
CTAA 2-(Phenyl carbonothioylthio)acetic acid 
CTP 4-Cyanopentanoic acid dithiobenzoate 




DADMACA Diallyldimethylammonium carbonate 
DEG Diethylene glycol 
DETA Diethylenetriamine 
DIPEA Diisopropylethylamine 
DLS Dynamic light scattering 
DMA N,N-Dimethylacrylamide 
DMF N,N-Dimethylformamide 
DPA 2-(Diisopropylamino)ethyl methacrylate 
DSC Differential scanning calorimetry 
EA Ethyl acrylate 
EBIB Ethyl α-bromoisobutyrate 
EDA Ethylenediamine 
et al et alii (and others, in Latin)  
FESEM Field emission scanning electron microscope 
FT-IR Fourier transform infrared spctroscopy 
GMA Glycidyl methacrylate 
GPC Gel permeation chromatography 
HEG Hexaethylene glycol 
HMDA Hexamethylenediamine 
HMDI Hexamethylene diisocyanate 
HMTETA 1,1,4,7,10,10-Hexamethyltriethylenetetramine 
HPA 2-Hydroxypropyl acrylate 
HPMA 2-Hydroxypropyl methacrylate 
ICP-OES Inductively coupled plasma optical emission spectroscopy 
KPS Potassium persulfate 
kV Kilovolts 
M Molar (mole/liter) 




Mn Number average molecular weight 




NMP Nitroxide mediated polymerization 
NMR Nuclear magnetic resonance 
NVF N-Vinylformamide 
PAMAM Polyamidoamine  
1-PCA 1-Pyrenecarboxylic acid 
PBA Poly(n-butyl acrylate) 
PCL Polycaprolactone 
PDA 1,3-Propylenediamine 
PDI Polydispersity index 
PDMAEMA Poly[2-(N,N-dimethylamino)ethyl methacrylate] 
PEI Polyethylenimine 
PEMA Poly(ethylene-co-maleic anhydride) 
PET Poly(ethylene terephthalate) 
PHEAA Poly(N-hydroxyethylacrylamide) 
PMDETA N,N,N′,N′,N′′-Pentamethyldiethylenetriamine 
ppm Parts per million 
PSt Polystyrene 
PTBNVC Poly(N-vinyl tert-butyl carbamate) 
PVAm Polyvinylamine 
PVBAm Poly(vinylbenzylamine) 
PVBC Poly(vinylbenzyl chloride) 
PVP Poly(vinylpyrrolidone) 
RAFT Reversible addition-fragmentation chain transfer 
rpm Revolutions per minute 
RT Room temperature 
SBMA Sulfobetaine methacrylate 
TBAF Tetrabutylammonium fluoride 
Tc Crystallization temperature 
TEM Transmission electron microscope 
TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 
Tg Glass transition temperature 
Tm Melting temperature 




TMPMA 2,2,6,6-Tetramethylpiperidin-4-yl methacrylate 
TPO 2,4,6-Trimethylbenzoyl diphenylphosphine oxide 
TREN Tris(2-aminoethyl)amine 
UV-Vis Ultra-violet visible spectroscopy 
VA-044 2,2'-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride 
Vazo-56 2,2’-azobis(2-methylpropionamidine) hydrochloride 
VBP N-(p-Vinylbenzyl)phthalimide 
XDA p-Xylylenediamine 























































Polyamines constitute a major class of bioactive materials, obtained 
both naturally and by synthetic methods and involve primary, secondary, 
tertiary and quaternized amine functionalities.  Chitin, for example, most 
commonly derived from the exoskeletons of marine animals is earth’s second 
most abundant polysaccharide (next only to cellulose) and is a major source of 
Chitosan, a linear polyamine. Due to the presence of amine functionalities, 
chitosan has found applications in drug delivery,1 tissue engineering, as 
antimicrobial agent, in biomedical applications,2-4 and has shown an extremely 
high affinity for organic dyes and metal ions.5-7 Similar to chitosan, diverse 
amine functional polymers like gelatin, dextran and amino acids are obtained 
from natural sources. Polydopamine is one such polymer formed by oxidation 
of naturally occurring neurotransmitter, dopamine. On the other hand, 
polymers such as polyethyleneimine (PEI), poly[2-(N,N-dimethylamino)ethyl 
methacrylate (PDMEMA), polyvinylamine (PVAm), poly(amidoamine) 
(PAMAM) etc. are synthesized commercially and have been studied for their 
physicochemical properties. Polymers have different architectures including 
linear, branched, dendrimeric and hyperbranched structures and the synthetic 
methods are carefully designed to obtain the desired architecture. For example, 
PEI exists both as linear (LPEI) and branched (BPEI) structures. While LPEI 
is synthesized by the ring-opening polymerization of 2-ethyl-2-oxazoline, 
followed by hydrolysis,8 the synthesis of BPEI involves acid-catalyzed 
polymerization of aziridine.9 
The presence of amine functionalities make polyamines responsive to 
pH changes which then induce structural changes. Depending on the pH 
polyamines exist as neutral or cationic species. As the pH decreases below 
pKa, the amine groups become protonated and electrostatic interaction causes 
the repulsion among polymer chains. Cationic polymers are known to be 
excellent candidates for gene delivery due to their pH responsiveness. Another 
feature that makes polyamines unique is their high reactivity compared to 
other polymers arising due to the nucleophilicity of amine groups. During 
synthesis or post-modification, the nucleophilicity and bulkiness of amines 
determines the nature of product formation. For instance, synthesis of PEI by 
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cationic ring opening polymerization (CROP) of unsubstituted aziridine results 
in a highly branched structure due to the occurrence of various chain transfer 
reactions arising from the high nucleophilicity of secondary amine groups.  
Various cationic polyamines and their bioactive and therapeutic 
applications have been reviewed earlier.10 The inherent nature of polyamines 
have made them suitable candidates in antimicrobial, antioxidant, tissue 
engineering and biomedical applications  and they have been extensively used 
in fields such as medicine, diagnostics, cell biology, analytical chemistry, 
catalysis, mining, and environmental technology.11-16 In the environmental 
area, the use of polyamines as adsorbents is predominant. Due to strong metal-
amine chelation and electrostatic interactions, these adsorbents play a major 
role in the removal of heavy metal ions and organic dyes from water, which 
are known to pose serious threats to human life. 
Owing to their exceptional physicochemical properties, efforts have 
been made over the years into the synthesis and applications of amine 
functionalized polymers. Design and synthesis of reactive polymers with 
amine terminal groups necessitate different reaction conditions, choice of 
monomers and reagents. Free amine groups are prone to oxidation by 
atmospheric oxygen, triggering degradation of the active amine species. Also 
the pH dependence, low solubility and low processability of polyamines make 
the synthesis rather selective. On the other hand, monomers with N-protecting 
groups introduce an additional synthetic step, which may be mitigated in order 
to increase the reaction yield.  
Among the polyamines, primary amine derived homopolymers and 
copolymers are very promising in a number of research areas. Practical 
syntheses of polymers comprising of stable primary and secondary amine 
groups is challenging as there are numerous possibilities for change in 
chemical and physical properties during subsequent modifications. The major 
interest in these polymers is due to their potential utility in post-
polymerization modification reactions that have been employed as drug 
delivery agents,17 gene carriers,18 antimicrobial agents,19 and are also used to 
fabricate hydrogels20 and vesicles.21,22   
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1.2. Synthesis of primary amino polymers 
A broad range of synthetic methods have been developed in the last 
two decades to explore range of applications of polyamines. This section of 
the chapter highlights some of the typical synthetic strategies employed for 
such polyamines. Commonly used approaches are radical polymerizations 
including controlled and free radical polymerization, protecting group 
chemistry as well as post-polymerization modifications. 
1.2.1. Free radical polymerization 
Radical polymerization methods are widely used and preferred over 
ionic procedures due to their uncomplicated nature of handling and free 
radical polymerizations are used despite the lack of control over the molecular 
weight and polydispersities of the polymers formed. Polymerization of 
monomers bearing unprotected amines is problematic with free radical 
initiators as the amines can easily quench the radicals resulting in chain 
termination. Nevertheless, there are a few reports on such polymerizations 
resulting in moderate to good yields of polyamines.  
It is well known that monoallyl monomers polymerize only with 
difficulty and yield polymers of medium molecular-weight or oligomers due to 
allylic degradative chain transfer to the monomer.23 Amine group substitutions 
in the allylic monomers exacerbate the problems of radical inhibition and 
further reduce the reactivity of the allylic double bonds during 
polymerizations. Masterova et al in 1979 carried out the polymerization of 
allylamine and diallylamines in presence of protonic acids such as H3PO4 by 
means of irradiation with a cobalt-60 source and discussed the kinetic features 
of polymerizations.23 The reaction was promoted by acid catalyst in two ways: 
Protonation of amines changed the polarity of monomers and change in the 
addition of allyl radical of chain transfer to the double bond of the monomer. 
Harada and Hasegawa24 later reported that a radical initiator containing an azo 
group and ammonium groups, such as 2,2’-azobis(2-methylpropanediamine) 
dihydrochloride polymerizes monoallylammonium salts in aqueous medium 
resulting in poly(ally1ammonium salt)s with high molecular weight. The 
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reactions were carried out in water with acidic catalysts such as ZnCl2, H3PO4 
or H2SO4 in the presence of azo initiator. 
Free radical synthesis of polyamide containing both primary and 
secondary amine is reported recently for application as polymeric adsorbents 
for organic dyes.25 Bis(aminoethylamino)ethyl maleimide was synthesized 
from maleic anhydride and was polymerized with potassium persulfate (KPS) 
and benzoyl peroxide (BPO) (Scheme 1.1). The use of KPS as the radical 
initiator was tested in the synthesis of amine N-halamine derivatives for 
antibacterial applications by copolymerising 4-(allyloxy)-2,2,6,6-
tetramethylpiperidine (ATMP) with styrene (Figure 1.1).26 Deng et al 
synthesized pH-temperature responsive copolymers of 2-aminoethyl 
methacrylate (AEMA) and 2-hydroxypropyl acrylate (HPA) with conventional 
free radical polymerisation using K2S2O8 – NaHSO3 pair as the redox initiator 
(P(AEMA-co-HPA), Figure 1.1).27,28  
Azoisobutyronitrile (AIBN) has been used as a preferred initiator in 
many of the conventional free radical polymerisation of amine monomers. The 
copolymerisation of AEMA with a zwitterionic monomer, sulfobetaine 
methacrylate (SBMA) by Chen et al to synthesize P(SBMA-co-AEMA) with 
average Mw varying from 10 - 15 kDa (Figure 1.1).30 Another such 
zwitterionic polyampholyte, composed of copolymers of N-(3-
aminopropyl)methacrylamide (APMAm) and methacrylic acid (MAA) is 
recently reported by Dubey et al was polymerised using Vazo-56 [2,2’-
azobis(2-methylpropionamidine) hydrochloride] initiator (Figure 1.1).29 In 
polyampholytes where the monomers are oppositely charged ionic species, the 
polymerisation was controlled by pH variations to effectively set their 
reactivity ratios to unity. Similarly a copolymer of AEMA with 2-
(methacryloyloxy)ethyl phosphorylcholine (MPC) was synthesized by 
conventional free radical polymerisation by Kawaski et al using AIBN as 
initiator resulting in a polymer with a number average molecular weight of 6 – 
7104.31 Copolymers of 2-(methacryloyloxy)ethyl trimethylammonium 
chloride (MTAC) and AEMA (PMTAC-co-AEMA, Figure 1.1) was 




Scheme 1.1. Synthesis of polyamide with primary and secondary amines.25 
     
Figure 1.1. Structures of P(ATMP-co-St),26 P(APMAm-co-MAA),29 
P(MTAC-co-AEMA), P(SBMA-co-AEMA),30 P(AEMA-co-HPA) 27,28 and 
P(AEMA-co-MPC).31 
1.2.2. Controlled Radical polymerization (CRP) 
Controlled Radical polymerizations (CRP) have drawn much attention 
for developing polymers with precise architecture, predetermined molecular 
weight and with low polydispersities (PDI).33 Many CRP techniques have 
been developed over the years, such as nitroxide mediated (NMP),34,35 
reversible addition-fragmentation chain transfer (RAFT)36 and atom transfer 
radical polymerizations (ATRP). In contrast to free radical polymerizations, 
CRP techniques are mostly tolerant to unprotected functionalities including 
amines, ability to polymerize diverse range of monomers including acrylates, 
methacrylates, vinyl, styryl and many dienes and compatible with a wide 
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range of reaction conditions. Most of the primary amine containing polymers 
have been synthesized using one or combination of such methods. 
1.2.2a. Reversible Addition Fragmentation Chain Transfer 
Polymerization (RAFT) 
Reversible addition fragmentation chain transfer (RAFT) is one of the 
most versatile CRP techniques due to metal-free synthesis, tolerance towards 
different functionalities and wide range of monomers that can be polymerized 
and the diversity of affordable polymer architectures.37,38 Since its introduction 
by Moad, Rizzardo, Thang and coworkers in 1998, RAFT has become the 
most used tool for the synthesis of variety of functional block copolymers.39 
The technique has provided access to different functional polymers with 
defined molecular weights, narrow size distributions and well-defined 
architectures. RAFT method is able to polymerize broader range of functional 
monomers, which are not accessible via other CRP methods, is tolerant to 
many functional groups and number of solvents including aqueous media, thus 
making it a versatile, convenient and preferred method over other competing 
polymerization techniques.40 
Controlled radical polymerization of primary amine containing 
monomers is challenging owing to the high reactivity of primary amine 
groups. The direct polymerization of primary amine monomers has been 
surfaced only in the recent years and so far RAFT has been the most 
successful and widely used method to synthesize primary amine polymers. 
The first example of direct and well-defined RAFT polymerization of primary 
amines was demonstrated by McCormick et al, who polymerized APMAm as 
its hydrochloride salt at a pH between 4 and 5 (Scheme 1.2).41 The 
polymerization was performed in dioxane/water with 4-cyanopentanoic acid 
dithiobenzoate (CTP) as charge transfer agent (CTA) at acidic pH with 4,4’-
azobis(4-cyanopentanoic acid) (V-501) as the radical initiator. Well-controlled 
polymer blocks with molecular weight of 7 kDa and 15 kDa with narrow 
polydispersities were obtained and subsequently used as macro-initiators for 




Scheme 1.2. Synthesis of P(APMAm) by RAFT polymerization.41 
Similarly, AEMA hydrochloride was polymerized for the first time 
using controlled radical polymerization by Armes et al.42 Cumyl 
dithiobenzoate (CDB) and AIBN were used as the RAFT-CTA and initiators, 
respectively. For comparison the polymer was also synthesized via ATRP, 
using CuBr/Bipy catalyst and methanol as the reaction solvent. Nevertheless, 
ATRP polymerization was found to be substantially incomplete due to a 
gradual inactivity of ATRP catalyst over a period of time.  
Recently many researchers have synthesized homo- and block 
copolymers of primary amine monomers using the RAFT method in aqueous 
or organic solvents. Table 1.1 gives an overview of the polymers synthesized 
using unprotected amine monomers using RAFT conditions. Different CTA’s 
and initiators used in each reactions have been summarized. Figure 1.2 shows 
the structures of different monomers, CTA and initiators employed in these 
polymerizations. CTP and ACVA (commonly known as V-501) are the most 
commonly used RAFT CTA/initiator pair. The choice of dithiobenzoate in 
most RAFT conditions is because of its higher chain-transfer effectiveness 
compared to trithiocarbonate, dithioalkanoate, xanthate and dithiocarbamate 
analogues.43,44 Similarly, ACVA is a water-soluble radical initiator, which 
generates free radicals at 70 °C and can be conveniently employed in reactions 
involving polar organic solvents like DMF, EtOH, MeOH and DMF in 
addition to water. 
2-Aminoalkyl methacrylate monomers are highly unstable in their non-
protonated form, undergoing rapid internal rearrangement to afford 2-
hydroxyalkyl methacrylamides. The corresponding polymers prove to be 
significantly more stable than the monomers, but nevertheless slow chemical 
degradation occurred over long time scales (days) in alkaline solution. Armes 
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et al42 studied in detail the possible degradation pathways for PAEMA under 
basic conditions and pointed out at least four possible ways leading to 
degradation  which are highlighted in Scheme 1.3. Firstly, an ester carbonyl 
group can react intramolecularly with its own primary amine to form an 
amide. A similar intramolecular reaction could occur between an ester and an 
adjacent primary amine. Alternatively, intermolecular amidation can occur 
resulting in crosslinked polymers. The final pathway may involve base 
hydrolysis of ester groups by hydroxide anions in strong alkaline media.   
Table 1.1: Overview of the RAFT reactions carried out with monomers 
containing free amine groups. The molecular structure of the monomers and 
initiators are given in Figure 1.2  
Monomer CTA / Initiator 
pair 
Reaction conditions Reference 
AEMA CDB / AIBN 70 °C in DMSO He et al42 
AEMA CTP / ACVA 70 °C in dioxane/H2O Li et al45 
AEMA CTP / ACVA; 
CTP / VA-044 
50 - 70 °C in acetate 
buffer Alidedeoglu et al
46 
AEMA CTP / ACVA 70 °C in acetate buffer Mitchell et al47 
AEMA CTAA / AIBN 70 °C in DMSO Wu et al48 
AEMAm CPP / ACVA EtOH, 70 °C, pH 5.2 Sprouse et al49 
AEMAm CTP / ACVA 70 °C in dioxane Deng et al50 
AEMAm CTP / ACVA 70 °C in dioxane/H2O Jiang et al51 
AEMAm CTP / ACVA 70 °C in DMF Wang et al52 
AEMAm CTP / ACVA 45 °C in acetate buffer Boyer et al53 
APMAm CEP / ACVA 70 °C in H2O, pH 4-5 Xu et al54 
APMAm CEP / ACVA 70 °C in aq. buffer Paslay et al55 
APMAm CTP / ACVA 70 °C in aq. buffer Alidedeoglu et al46 
MAAPA mPEG-ACPA 60 °C in H2O, pH 3-4 Wang et al56 
AHMAm CEP / TPO 25 °C in DMF/H2O Chen et al57 







Figure 1.2. Monomers, CTA and radical initiators used in RAFT reactions. 
RAFT polymerization mediated by non-protected acetylene or azide 
functionalized chain transfer agents (CTAs) to allow further modification of 
the poly(APMAm) chain-ends has been reported recently by Mendonça et al 
(A and B; Figure 1.3).38 The control over molecular weight was good with 
very narrow distribution during polymerization. The alkyne-terminated 
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PAPMAm was further functionalized using ‘‘click’’ chemistry with an azido-
functionalized coumarin derivative, resulting in a material that could be 
applied in the biomedical field (Figure 1.3C). Similarly, polymerization of 
secondary amine bearing monomer 2,2,6,6-tetramethylpiperidin-4-yl 
methacrylate (TMPMA, a precursor to TEMPO) was studied by means of 
three different CRP techniques – RAFT, ATRP and NMP - by Janoschka and 
coworkers (Scheme 1.4).59 While both ATRP and NMP methods showed 
major drawbacks, RAFT proved to be efficient in providing good control with 
high conversion rates and low polydispersity index. Interestingly, the 
polymerization of a secondary amine bearing methacrylate monomer was not 
hindered by the presence of free amine groups that can induce degradation of 
RAFT reagent, which was possible because of the steric hindrance of the 
amine groups.  
 





Figure 1.3. (A) Azide and (B) alkyne chain ending PAPMAm; (C) Coumarin 
derivative of the alkyne-derived PAPMA.38  
 
Scheme 1.4. Polymerization of TMPMA by three different CRP techniques.59 
The use of high temperature is imperative in almost every RAFT 
reaction reported as the reactions at lower temperatures, in general, lead to 
slow chain propagation due to an intrinsic retardation effect of the RAFT 
process. High temperatures enhance the reaction rate, but also lead to side 
reactions such as the formation of dimethacrylamide and hydrolysis of 
dithioesters in aqueous media.50 To circumvent this type of degradation, Liu et 
al recently reported a well-controlled aqueous RAFT polymerization of 
AEMAm and 6-aminohexylmethacrylamide (AHMAm) at 25 °C in acidic 
aqueous medium upon irradiating at mild visible light.60  Improving ion-
pairing or association of the ionized monomers by adding less polar alcohols 
or improving monomer concentration was found to shorten the initialization 
period and accelerate the chain propagation. This polymerization was switched 





1.2.2b. Atom Transfer Radical Polymerization (ATRP) 
ATRP is an alternative CRP that allows the synthesis of polymers with 
well-defined functionalities, composition and molecular weight distributions. 
The success of ATRP lies in the establishment of dynamic equilibrium 
between the propagating chains and dormant species that keeps the 
concentration of active species much lower than the total concentrations of 
chains, thus enhancing control over the propagation of polymer chains. 
Despite its success in polymerizing a wide range of monomers, the 
polymerization of pendant amino groups bearing monomers is difficult. This is 
because the free amines can displace the ligand from complexing with metals, 
thus disturbing the meal-ligand equilibrium61 and also can react with initiators 
displacing halide groups resulting in dead polymer chains.62 In addition, the 
acidic character of some monomers can cause catalyst poisoning resulting in 
uncontrolled reactions. 
Armes and coworkers have reported the direct polymerization of 
AEMA in its hydrochloride form using CuBr/Bipy catalyst-ligand pair in 
isopropanol/water mixtures to form linear homopolymers (PAEMA) and their 
block copolymers with poly(ethylene oxide) (PEO) or 3-azidopropyl 2-
bromoisobutyrate macroinitiators.42,63,64 In a similar way, different block 
copolymers of AEMA with 2-diisopropylaminoethyl methacrylate (DPA), 
MPC and 2-hydroxypropyl methacrylate (HPMA) are prepared by these 
researchers using CuCl/Bipy.65 Gao et al employed surface initiated ATRP 
(SI-ATRP) to functionalize Ti surface with polymer brushes of poly[N,N-
dimethylacrylamide-co-N-(3-aminopropyl) methacrylamide HCl]  (P(DMA-
co-APMAm)) for generating antibacterial surfaces (Scheme 1.5).66 The Ti 
surface was initially modified as ATRP-initiator (Ti-NH-Cl) and carried out 
polymerization with APMAm using CuCl/CuCl2 catalyst pair and 





Scheme 1.5. Synthesis of  P(DMA-co-APMAm) polymer brushes on Ti 
surface.66 
A modification to ATRP namely, Activator Regenerated by Electron 
Transfer ATRP (ARGET ATRP) has been performed recently to polymerize 
AEMAm by Mendonça et al.67 ARGET ATRP uses reducing agents such as 
ascorbic acid, glucose, tin(II) ethylhexanoate or hydrazine to regenerate Cu(I) 
species from oxidatively stable Cu(II) complexes, thus allowing the use of 
lower amounts of metal catalysts and the reactions to be performed in aqueous 
conditions.68 Polymerization of AEMAm was carried out with CuBr2 /tris(2-
pyridylmethyl)amine catalyst with ascorbic acid as the reducing agent in 
IPA/water mixtures at 35 °C. The use of relatively low temperature and low 
catalyst concentration helps the method to be valuable. 
1.2.3. Ring opening polymerizations (ROP) 
ROP is a chain-growth polymerization where the reactive terminal end 
of polymer chain react with cyclic monomers to increase the chain length. A 
number of cyclic monomers containing heteroatoms have been synthesized 
using cationic, anionic and radical ROP methods. In the context of 
synthesizing polyamines, ROP is extensively used for the synthesis of PEI and 
its derivatives starting from aziridine (1) and of 2-oxazoline (2) (Scheme 1.6). 
2-Oxazolines are synthon monomers which give a latent ethylenimine unit via 
polymerization. While the synthesis of unsubstituted aziridine formed highly 
branched PEI, the formation of linear PEI is achieved by ROP of substituted 
aziridines and their subsequent hydrolysis. The polymerization of N-(2-
tetrahydropyranyl) aziridine is one such example.69  
15 

Scheme 1.6. Synthesis of PEI from (1) N-alkylaziridine and (2) 2-alkyl-2-
oxazolines. 
The more common method to obtain LPEI is the acidic or basic 
hydrolysis of poly(2-oxazolines). The first systematic synthesis of 
unsubstituted 2-oxazoline by ROP was published by Saegusa et al.70,71 The 
synthesis followed cationic ring opening of 2-oxazoline by Lewis acids 
(BF3•OEt, SbF5), sulfonate, sulfur esters and methyl iodide in an aprotic 
solvent (DMF, acetonitrile) and subsequent hydrolysis in alkaline medium to 
yield linear and crystalline PEI’s. The basic hydrolysis of poly(2-oxazoline) 
proceeded within 3 h at 98 °C, whereas basic hydrolysis of poly(2-ethyl-2-
oxazoline) was much slower. Various 2-alkyl oxazolines derivatives have been 
used for the synthesis of LPEI derviatives, 2-ethyl-2-oxazoline (EtOx) being 
the most commonly used in the recent times.72-75 Commercially available 
LPEIs are commonly synthesized by acidic hydrolysis of poly(2-ethyl-2- 
oxazoline) (PEtOx).76 
Scheme 1.7. Mechanism of the cationic ring-opening polymerization77 
CROP of 2-oxazolines is initiated by a cationic initiator reacting with 
endocyclic nitrogen of the ring forming an oxazolinium cation and a 
nucleophilic reaction of the monomer on the oxazolinium moiety results in 
ring opening as shown in Scheme 1.7. Typical cationic initiators include 
Lewis acids and their salts,70 alkyl halides,70 strong Brønsted acids,78 mild 
Brønsted acids such as diphenylphosphate79 and alkyl sulfonates.8,75 
Alternatively microwave irradiation80 and rare-earth metal triflates81 have 
been employed in the recent years for ring opening reactions. Very recently, 
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Yao et al82 synthesized comb-like PEI’s for biomimetic silicification 
applications, via a combination of RAFT and CROP methods. At first, poly(4-
vinylbenzyl chloride) (PVBC) as macroinitiator was synthesized by CDB-
mediated RAFT polymerization. Then comb polymers with poly(2-
methyloxazoline) side chains were prepared and were subsequently 
hydrolyzed to yield PEI (Scheme 1.8). 
Scheme 1.8. Synthesis of comb-like PEI polymers by Yao et al.82 
1.2.4. Synthesis of chain-end functionalized polyamines 
The controlled synthesis of polymers with end-functionalities is 
important in many applications. A polymer is considered to be telechelic if it 
has the chain end groups which can selectively react with other molecules to 
form covalent bonds. Telechelic end functionalities have been extensively 
used as tethering groups for anchoring onto solid supports, in copper catalyzed 
click reactions,83-85 Diels-Alder86-88 and thiol-ene89,90 reactions. Although a 
wide variety of CRP methods offer solutions for the synthesis of well-
controlled homo- and block copolymers, the functionalization of the polymers 
is still challenging, due to synthetic difficulties. Most of such functionalization 
on polymers is introduced via pre-functionalized monomers or by introduction 
of protected groups. 
Amine end functionalized polymers are particularly attractive as they 
can be anchored to a variety of substrates used in biological and environmental 
areas. ,ω–Diamino terminated polymers could act as precursors of 
polyurethanes, polyureas, polyamides or crosslinked epoxides. Polymers such 
as PEG or polystyrene (PSt) with amine terminated chain ends are 
commercially available or are synthesized by chemical modification of the 
precursor polymers. Different approaches have been used in the past years to 
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synthesize precise chain-end amine functionalities and only a few methods are 
known on direct reactions of free amines due to its reactivity.91 Amine 
monomers with protected groups are generally used which are deprotected 
towards the end of reactions to obtain terminal amine functionalities. t-
Butyloxycarbonyl (Boc), phthalimide and fluorenylmethoxycarbonyl (Fmoc) 
are the frequently employed functional groups for N-protection that can be 
conveniently severed without affecting other functionalities. Recent advances 
in the CRP methods like ATRP, RAFT and NMP have provided a good 
control in the synthesis of well-defined polymers with amine chain-ends. Two 
strategies are generally employed - amine functionalities can either be 
introduced in the initiating segments of CRP initiators giving -amine 
functional polymers, or at the terminating ends of initiators forming ω-amine 
functional polymers.92 
Recently, Kim and coworkers reported the synthesis of polystyrenes 
with chain-end primary amine functionalities to be used as building blocks for 
the construction of self-coupled polymers to form imines (Scheme 1.9).93 
ATRP was used to polymerize styrene using Boc-protected amine initiator (2, 
Scheme 1.9) followed by deprotection with strong acid. Wang and Ling 
recently prepared amine containing polystyrenes, used for polypeptide 
conjugation, by chain end functionalization after RAFT polymerization 
(Scheme 1.10).94 Instead of designing a complex containing amines CTA, a 
one-pot aminolysis and thiol capping strategy was applied to convert the 
trithiocarbonate group to a Boc-protected amine end groups.  
 





Scheme 1.10. Synthetic pathways for chain-end functional PSt.94 
Tauhardt et al recently synthesized amine end capped PEtOx.95 The 
phthalimide protecting group was introduced after the CROP of EtOx by 
reacting with potassium phthalimide and was cleaved with excess of hydrazine 
monohydrate to obtain amine end capped PEtOx (3, Scheme 1.11). Similarly, 
Jacobs et al,96 Shimoni et al97 and Wallyn et al98 separately made use of a 
phthalimide containing RAFT CTA, phthalimidomethyl thiocarbonate (4, 
Scheme 1.11) to obtain homopolymers of styrene, n-butyl acrylate, N-
isopropylacrylamide and/or N-vinylpyrrolidones. Pththalimide group was 
hydrolyzed by hydrazine or alcoholic KOH to obtain the amine end 
functionalization. Engelhardt and coworkers prepared core-shell nanoparticles 
made of poly(2-oxazolines) with a primary and secondary amine end groups 
as the hydrophilic blocks.99 Three different 2-alkyl-2-oxazolines were 
polymerized by CROP with methyl triflate, terminating the chain with 
piperazine to form secondary amine terminated 8 (Scheme 1.11). This was 
subsequently reacted with N-(2-bromoethyl) phthalimide and deprotected to 
yield polymer containing primary aminoethyl end groups. 
Fluorenylmethoxycarbonyl (Fmoc) is another convenient protecting 
group used as an alternative to Boc and phthalimide groups. Oswald and 
coworkers used Fmoc-protected amino functional ATRP initiator, namely 3-
(Fmoc-amino)propyl 2-bromoisobutyrate. Fmoc group was cleaved by 
reacting the polymer with piperidine in DCM at room temperature (Scheme 
1.12).100 Table 1.2 provides a list of some of the ATRP and RAFT initiators 
used to synthesize amine chain-end terminal polymers. The list is not 





Scheme 1.11. CROP and RAFT polymerization for the synthesis of amine end 
capped polymers using phthalimido protecting group. (Ref: Tauhardt et al,95 
Jacobs et al,96 Shimoni et al,97 Wallyn et al98 and Engelhardt et al)99 
 
Scheme 1.12. Fmoc deprotection to obtain amine end capped PSt. 
In the earlier reports, Nosov et al synthesized chain-end amino 
polymers by end capping the living chain ends with nitriles followed by 
reduction.101 Pivalonitrile was added at the chain end of 
oligobutadienyllithium (2, Scheme 1.13) in toluene followed by NaBH4 
reduction yielded the oligomers of ω-aminobutadiene. Chain end amine 
functionalization of polystyrenes and polydienes by living anionic methods 
has also been reported in the earlier years by Kukula,102 Loos,103 Peters,104 














































Scheme 1.13. Synthetic pathway for amino-terminated polybutadiene.101 
1.2.5. Protecting groups in amine polymerizations 
Although a wider variety of primary amine containing monomers have 
been polymerized by RAFT, it is rather difficult in some cases to control the 
molecular weight and distribution due to the possible undesirable reaction of 
free amine groups with chain transfer agents (CTA) during the RAFT process. 
Additionally, primary aliphatic amine groups may suffer from different 
secondary reactions such as Michael addition or trans-amidation or react with 
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free radicals and thus quenching polymerizations. Also, free primary amines 
are known to react via aminolysis with thiocarbonylthio CTAs.59 To eliminate 
the incompatibility of naked primary amine functional groups with CTA, the 
amines can be masked with well-known protecting groups. This approach 
enables the introduction of otherwise incompatible functional groups in the 
polymer chains and creates a new and versatile class of block polymers. 
 
 
Scheme 1.14. RAFT synthesis of PAEA and tailor-made diblock copolymers 
bearing protected amine119 and activated ester functionalities with their 
subsequent activation and modification with side chains for protein repellency 
and multivalent specific bio recognition.120 
Primary amine functional polymers have been prepared by using 
protected amine monomers to prevent intermediate coupling reactions during 
the synthesis. Ho and group synthesized poly(2-aminoethyl acrylate) (PAEA) 
by RAFT of N-Boc protected monomer using 3 different chain transfer agents 
(CTA), followed by amine deprotection (Scheme 1.14).119 Its quaternization 
led to a cationic polyacrylate which successfully complexed plasmid DNA 
with a lower N/P ratio making it a promising candidate as a gene transfection 
reagent. Similarly, Hoenders et al used protected amine monomers to 
synthesize well defined diblock copolymers of mutually incompatible amine 
and active ester functionalities by consecutive RAFT polymerization (Scheme 
1.14).120 The method made very efficient use of the most widely used ligation 
chemistry (amine/active ester). After the removal of protecting group, the 
newly available amine groups were used to graft the block copolymers 
covalently onto aldehyde-functionalized PSt colloids via reductive amination. 
The active ester block can be readily functionalized with a broad range of 
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functional amines, allowing it to easily impart biological activity, as 
demonstrated for incorporating biotin units. 
The use of amino acid based chiral monomers for the synthesis of 
primary amine pendant block polymers is reported by Priyadarsi De and 
group.121-123 Controlled RAFT polymerization of acrylate and methacrylate 
monomers bearing Boc-protected amino acids was successfully performed in 
DMF at 70 °C with controlled molecular weight distribution and precise chain 
end structure (Scheme 1.15). Quantitative Boc group deprotection in homo- 
and block copolymers was achieved by the addition of TFA at room 
temperature, resulting in a side-chain primary amine containing polymers 
which exhibited positive surface charges, hydrophilicity and smart pH 
responsiveness.  
 
Scheme 1.15. RAFT polymerization of methacrylates bearing Boc-protected 
amino acids and subsequent hydrolysis.121-123 
ATRP of N-protected monomers have been reported by many 
researchers. Copolymers of 4-arm PEG with different compositions of AEMA 
[(PEG-b-AEMA)4] were recently prepared by Cross et al124 using ATRP of 
PEG-Br with Boc-AEMA using CuBr/BiPy and hydrolyzing with TFA. 
Similarly, Wang and coworkers have reported separately the synthesis of the 
homo-polymer of N-Boc protected AEMA and a block copolymer with PEG 
by ATRP route using CuCl/Bipy catalytic system in both cases.18,125 Gravano 
et al126 and later Itoh et al127 separately prepared block polymers of N-(p-
vinylbenzyl)phthalimide (VBP) and styrene by ATRP to form poly(4-
(aminomethyl)styrene-b-styrene). In the former synthesis, PVBP was used as 
macroinitiator in the presence of CuBr/Bipy, whereas in the latter case styrene 
was polymerized first to be used as macroinitiator to polymerize VBP with 
CuBr/PMDETA as summarized in Scheme 1.16. Alternatively, Srichan et al 
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have recently copolymerized VBP by nitroxide-mediated polymerization 
(NMP) using alkoxyamine Blocbuilder MA®, and deprotected by 












































Scheme 1.16. Preparation of block copolymer of styrene and VBP by ATRP 
and sequence controlled amine-pendant copolymers by NMP.126-128 
Vinyl ethers containing N-protected amine chains was polymerized by 
Kuroda and coworkers by living cationic polymerization (Scheme 1.17).129 
The phthalimide-protected amine vinyl ether (PIVE) was polymerized after 
the polymerization of hydrophobic monomer isobutyl vinyl ether, followed by 
the deprotection by hydrazine. 
 
Scheme 1.17. Synthesis of amphiphilic block copolymers by living cationic 
polymerization.129 
Conventional free radical polymerisations have been carried out with 
amine monomers bearing protecting groups. Recently, Prado and coworkers 
reported for the first time the synthesis of random polymers of 
vinylpyrrolidone (VP) with protected or unprotected aliphatic primary amines 
(Scheme 1.18).130 Incorporation of primary amines in VP-polymers is 
significant due to their potential applications in bio conjugation. The amine 
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groups protected by phthalimide groups can be easily cleaved off with 


















Scheme 1.18. Synthesis of poly(VP-co-VPNH2) copolymers.130 
 
 
Scheme 1.19. Synthesis of amphiphilic block polymers containing PVAm 
with styrene and NIPAM131 and the synthesis of amine functionalized 
polyacetylenes.132 
Phthalimide protected vinylamines are copolymerised with styrene and 
NIPAM by RAFT and deprotected to obtain well-defined PVAm copolymers 
by Maki et al (Scheme 1.19).131 Polymerization of acetylenic monomers 
containing phthalimide substituted primary amines was reported by Hua et al 
with WCl6-Ph4Sn catalyst in toluene at 60 °C (Scheme 1.19).132 The protected 
amine showed no posioning effect on the catalyst system and the 
polymerisation proceeded smoothly. Hydrazinolysis released the free amine 
functionalities from the polymer. 
In addition to phthalimide and Boc protecting groups, silane protecting 
groups have been used. Primarily reported by Schneider et al133 in 1996 and 
25 

recently by Zhang and coworkers,134 the synthesis route makes use of 
metalocene catalysts such as rac-Me2Si(Benz[e]-Ind)2ZrCl2/MAO and 
Ziegler-Natta catalyst to copolymerize ethylene or propylene monomers with a 
comonomer containing a silane-protected amine group as shown in Scheme 
1.20. The bulky silyl groups successfully prevented the catalyst poisoning and 
their facile removal by HCl yielded the free ammonium groups. 
 
Scheme 1.20. Synthesis of amino functional polyethylene or polypropylene.134 
1.2.6. Synthesis by post-polymerization modifications 
Post-polymerization modifications are based on the functionalization 
of preformed polymer backbone with amine groups. A brief overview of the 
many different approaches has been summarized in this section. 
1.2.6a. Functional group modifications 
Functional groups like nitrile, esters, epoxides, maleic anhydride and 
benzyl chlorides can be conveniently modified by the introduction of different 
nitrogen containing groups. Such a flexibility has given enormous 
opportunities to introduce different amine ends depending on the desired 
nature of applications. For example, polyacrylonitrile (PAN) has been used to 
covalently attach chelating polyamines in order to make amine rich polymers 
for adsorption purposes. Ma et al synthesized a copolymer by grafting 
acrylonitrile onto polypropylene fiber followed by aminating with chelating 
molecule diethylenetriamine (DETA, Scheme 1.21).135 Similarly El-Newehy 
and coworkers modified PAN with different aliphatic diamines with varying 
alkyl chain lengths to synthesize quaternary ammonium functional 
polymers.136 
Functionalization on PGMA microspheres has also been reported via 
ammonolysis (with NH4OH)137,138 and by reactions with ethylenediamine 
(EDA),139-141 triethylenetetramine, tetraethylenepentamines142 and PAMAM 
dendrimers.143 Recently, homopolymer bi-functionalization by  epoxide ring 
opening by thiols is reported by Gadwal et al (Scheme 1.22).144 A systematic 
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studies on variation of catalyst type and loading (TBAF and LiOH) and 
reaction conditions suggested the catalyst had a significant impact on thiol-
epoxy reactions. The formation of hydroxyl group during ring opening was 
helpful in introducing amphiphilic nature to the polymer. El-Newehy and 
coworkers obtained pendant amine derivatives of poly(ethylene-co-maleic 
anhydride) (PEMA) by ring-opening of maleic anhydride on the polymer core 
with EDA and HMDA (Scheme 1.22).145 
 
Scheme 1.21. Synthesis of amine terminated PAN derivatives.136 
  
Scheme 1.22. General scheme showing the synthesis of amphiphilic 
homopolymer144 and amine terminated PEMA.145 
Hu et al recently designed a cationic polymer with primary amino and 
tertiary amino groups for efficient gene delivery.146 The backbone polymer 
consisted of poly(N-hydroxyethylacrylamide) (PHEAA) synthesized by ATRP  
was grafted with 3,3’-diaminodipropylamine (DPA) as shown in Scheme 1.23.  
 
Scheme 1.23. Synthesis of PHEAA-DPA.146 
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Poly(vinylbenzylamine)s (PVBAm) are generally synthesized from 
PVBC by replacing chloro groups with amines. Aminomethyl resins such as 2 
(Scheme 1.24) were synthesized by direct amination of chloromethyl resins 
with excess of amines. Gabriel synthesis, on the other hand, provided access to 
aminate PVBC polymers in a quantitative manner, by substituting pendant 
chlorides with potassium salt of phthalimide and subsequent hydrazinolysis to 
remove the protecting groups.147,148 To avoid decomposition during Gabriel 
synthesis, Ting et al adopted Staudinger method to prepare well-defined 
PVBAm.149 In this process, phosphine imines are prepared from PVBC and 
hydrolyzed to yield amines (Scheme 1.24).  
 
Scheme 1.24. Aminomethyl polystyrene by Gabriel synthesis147,148 and 
Staudinger methods.149 
Copper catalyzed click reactions 
Copper catalyzed alkyne-azide cycloaddition (CuAAC) reaction has 
proven to be a versatile method in introducing new functional monomers 
including amines to the polymers or functionalized surfaces. In other words, 
CuAAc offers excellent potential to introduce amine groups to the ‘custom-
made’ alkyne or azide groups in the polymer backbone. Azide terminated 
alkylamines are generally reacted with pendant alkyne functionalities of the 
polymers yielding primary or secondary amine groups. CuAAc reaction with 
different azide-alkyne combinations containing free amine groups are well 
reported in literature. For example, Farley et al attached 2-azido-1-ethylamine 
(AzEA) to the alkynes groups of microgels containing propargyl acrylate (PA) 
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copolymerized with 2-vinylpyridine (2VP), EA or NIPAM to functionalize 
with primary amines.150 Similarly Hyung-il Lee and coworkers reacted azido 
terminated aliphatic amines with alkyne group derived from P(HEMA) using 
click chemistry (Scheme 1.25).151,152 
 
 
Scheme 1.25. CuAAc reaction for the synthesis of primary and secondary 
amines by Farley et al150 and Hyung-il Lee et al. 151,152 
1.2.6b. Polyamines by hydrolysis and rearrangement reactions 
(a) Hydrolysis reactions 
Formamides and carbamates are hydrolyzed towards the end of 
reactions to obtain primary amine terminals. The synthesis of PVAm provides 
a classic example of hydrolyzing formamide and the t-butyl carbamate groups 
by acid or base hydrolysis. A critical and detailed review by Pinschmidt 
highlights the failures and successive phases on the way towards development 
of PVAm since 1970’s.153 The intensive research led to the development of N-
vinylformamide (NVF) as a successful precursor which is highly reactive, 
polymerizable under radical, acid or base conditions and easy hydrolysis  for a 
simple and economical production of PVAm.154 PNVF is easily converted into 
PVAm by hydrolysis in either acidic or basic aqueous solution.155 Acid 
hydrolysis produces cationic polymers with pendant ammonium salts, while 
base hydrolysis yields polymers with free amines. Base hydrolysis is usually a 
more effective approach, with almost 100% completion. In contrast, the 
electrostatic repulsion between cationic amine groups and proton hydrates 
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prevents acid hydrolysis from a complete conversion. In a similar approach, 
PVAm was also prepared by hydrolysis of poly(N-vinyl tert-butyl carbamate) 
(PTBNVC) with HCl gas in toluene by Fischer and Heitz.156 
 
Scheme 1.26. Synthetic route to PVAm via hydrolysis of PNVF & PTBNVC. 
154-156 
(b) Hofmann rearrangement 
Polyvinylamines are alternatively synthesized via Hoffmann reactions 
of polyacrylamide (Scheme 1.27). Although the reaction was reported in 1944 
by Jones et al,157 it was not until 1976, the synthesis was successfully carried 
out.158,159 Tanaka et al employed Hofmann rearrangement to polyacrylamide 
by the use of slight excess of NaOCl and a large excess of sodium hydroxide. 
The rearrangement was accelerated by neighboring group participation of the 
polyacrylamides and N-chloroamide groups were easily converted to amines 
even at temperatures below 0 °C. Later Achari et al.160 examined the reaction 
mechanism carefully and proposed that PVAm could be prepared with a high 
degree of amination (more than 90%), keeping the extent of side reactions to a 
very low level by careful control of reaction parameters. 
 
Scheme 1.27. Hofmann rearrangement of polyacrylamide to PVAm. 
1.2.6c. Grafting method 
Grafting is a technique where monomeric species are covalently 
attached to a surface or polymer chains. ‘Grafting to’ and ‘grafting from’ the 
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solid surface provide versatile tools for surface functionalization by polymer 
brush. In ‘grafting to’ approach an end-functionalized polymer was grafted via 
chemical reaction whereas in ‘grafting from’ method polymer is synthesized 
on the surface. Very recently, Luk et al functionalized polycaprolactone (PCL) 
films and porous scaffolds, which otherwise lack intrinsic functional groups, 
with AEMA and acrylic acid (AA) by 60Co gamma irradiation to obtain a dual 
functional (PCL-g-AA)-g-AEMA.161 Macroporous polypropylene (PP) 
membranes were modified with HEMA via UV-irradiation induced ‘grafting 
from’ approach by Farjadian and coworkers.162 In this method, PP membrane 
was initially functionalized with hydroxyl groups by grafting P(HEMA) 
followed by covalent attachment of the pre-synthesized initiator, 4-ethoxy-5-
oxo-4,5-diphenylpentanoyl bromide (Scheme 1.28). AEMA was subsequently 
grafted with UV irradiation. Similar photoinduced grafting of microporous PP 
membranes with AEMA has also been reported by Zhou et al, for removal of 
boric acid from water.163 Borkowicz et al recently reported the 
biofunctionalization of poly(L-lactide-co-glycolide) (PLGA) with AEMA in 
order to improve its hydrophilicity and also to enable immobilization of 
bioactive molecule, gelatin (Ge1B).164 
 
Scheme 1.28. Functionalization of PP membrane with AEMA.162 
Biodegradable polymers such as poly(hydroxyalkanoates), which are 
widely used in tissue engineering have limitations of lacking in functional 
groups and hydrophilic surfaces. In order to improve the efficacy in tissue 
engineering, these polymers have been grafted with various functional groups. 
For example, Luk et al grafted the surface of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) with AEMA by gamma radiations165 and recently, Torres et 
al have reported the graft polymerization of AEMA on the poly(3-
hydroxybutyrate) surface by gamma radiation in different solvents.166 In the 
latter case, the grafting was also aimed to reduce the crystallinity of the 
biopolymer in addition to the introduction of amine groups. 
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1.3. Applications of primary amine polymers 
1.3.1. Adsorption of heavy metal ions 
With the development of industrialization and agricultural products, a 
large number of pollutants are being released to the environment. 
Contaminants released to aqueous environment are being considered as 
immediate threat to human life as a result of a close association of water to 
human health. A large number of pollutants such as heavy metal ions, organic 
pollutants and engineered nanoparticles have been identified and considered to 
be toxic as can they enter into human body leading to physical and mental 
ailments.167-169 For this reason, a number of methods such as sedimentation, 
flocculation, membrane filtration, reverse osmosis, ion exchange and 
biological treatments have been developed to treat and eliminate water 
pollutants.170,171 Adsorption is one such process considered to be promising 
because of low cost, higher efficiency and strong affinity of adsorbents for the 
heavy metal ions.172,173 
Researchers working on developing water purification techniques have 
come up with rational designs of adsorbents based on a wide variety of 
functional groups. In order to specifically bind metal ions, the coordinating 
organic ligand must demonstrate a specific non-covalent binding to the 
metals.174 Furthermore, the adsorption increases when the number of chelating 
groups increases on the surface. The other factor, which can influence the 
metal-ligand complexation is based on Pearson’s Hard-Soft Acid–Base 
(HSAB) theory, which essentially states that hard or borderline acids such as 
Cr(VI), Pb(II), Zn(II), Co(II) and Cu(II) show preferential binding to a hard 
base like nitrogen than towards sulfur or phosphorus.175 Adsorbents rich in 
nitrogen-based ligands such as amine, amides, imidazole or hydrazines have 
shown excellent adsorption properties with most of the heavy metal ions.142 
For this reason, the current focus is on the synthesis or post-functionalization 
of various adsorbents with amine functionalities. Some of the common 





(a) Silica-polyamine composites  
The use of solid phase adsorbents for the metal ion removal from 
wastewater is gaining popularity because of their higher efficiency and 
environmentally benign approaches. Besides activated carbon, silica is the 
most widely used adsorbent on the industrial scale. The advantages of using 
silica based adsorbents are its higher surface area, good accessibility to the 
active centers, more homogeneity and faster mass-transport rates.175 A large 
number of silica-composites have been widely used in the separation of heavy 
metal ions and thus in the environmental protection.176,177 In the recent years 
SPC’s are studied extensively for their excellent adsorption properties and 
mechanical stability due to a large number of amino group loading on the 
silica surface. Moreover, they have the advantage of post-modification to offer 
selectivity for certain metal ions over specific pH ranges.178  
Rosenberg and coworkers have synthesized a number of SPCs with 
polyamines over the past two decades and used in the extraction of heavy 
metals from water (Scheme 1.29).179,180 In the SPC’s prepared from silanized 
amorphous nano-porous silica gel, PAAm was used for  selective removal and 
recovery of oxyanions of heavy metals such as Mo and W.181 In addition, a 
sol-gel method for the synthesis of silica-polyamine composite materials for 
metal ion capture was also reported 182 where a xerogel was firstly prepared by 
sol-gel method followed by reaction with PAAm to give a composite material. 
PEI was grafted on the surface of silica gel and a novel composite materials 
PEI/SiO2 was synthesized, which showed excellent adsorption properties for 
Cu(II), Zn(II), Ni(II), Pb(II).183,184 These SPC materials showed a very long 
usable lifetimes and <10% capacity loss in 3000 regeneration cycles. The extra 
stability of SPC’s is attributed to the multiple point covalent anchoring of the 




Scheme 1.29. Silica-polyamine composites with PEI and PAAm.180 
Recently, ion imprinting is a new strategy which allows the preparation 
of the sorbents which are capable of high recognition properties for 
predesigned inorganic ions.185 Silica has been shown to be a good candidate as 
a supporting material due of its large surface area and excellent mechanical 
resistance properties. Fan et al synthesized PAAm/SiO2 composite by 
functionalizing PAAm on silica surface via grafting process and Cu(II) ions 
were imprinted for a selective adsorption of Cu(II) in a solution with mixture 
of ions.186 Similarly Wang et al prepared a novel Fe3+ ion imprinted PEI 
grafted silica adsorbent for the selective removal of Fe3+ from water.187 A 
combination of surface grafting and ion imprinting process offers advantages 
such as high selectivity, faster adsorption/desorption kinetics and increased 
number of active sites for adsorption.188 
(b) Grafting on polymer beads 
Similar to silica composites, methods of grafting polyamines on the 
surface of PSt and PGMA beads have been adapted by researchers for 
adsorption process.150 PGMA has a reactive epoxy group that can be easily 
functionalized with nucleophilic amine groups to introduce amine 
functionalities. Bai et al synthesized microbeads from the copolymerisation of 
GMA and trimethylolpropane trimethacrylate and functionalized with 
DETA.189 This polymeric adsorbent was selective for removal of copper and 
lead ions from aqueous solutions. Liu et al. evaluated the characteristics of 
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PGMA beads, functionalized with different aliphatic polyamines -  EDA, 
DETA, TETA and tetraethylenepentamine (TEPA) - as adsorbents and their 
efficiency in copper ion adsorption.190 It was observed that the molecular 
length and structure of the polyamines appeared to have a great effect on the 
adsorption performance of the prepared adsorbents.  
1.3.2. Functionalization of polyamines - Polyurea 
An extensive application of polyamines is found in the synthesis of 
polyureas (PU) which are generally formed by a rapid step-growth 
polycondensation reaction of diamines with diisocyanates yielding urea 
linkages (Scheme 1.30). These polymers are front-runners in the formation of 
thin film composites (TFC) due to their high mechanical and thermal stability, 
high flux and good selectivity or salt rejection properties.191,192 In addition 
they are also known to exhibit chemical stability, abrasion resistance, water 
repellency, faster rate of healing and viscoelastic properties.193-195 Recently 
much attention is paid to use PU’s in films, foams and composites in industry 
applications.  
 
Scheme 1.30. General scheme showing synthesis of polyureas. 
Owing to the presence of multiple amine groups in addition to 
mechanically and thermally stable urea bonds, PU’s are used as efficient 
adsorbents. For example, Ozer et al recently synthesized a polyamine-
polyurea polymer and modified by pyromellitic dianhydride (Scheme 1.31) in 
order to increase its adsorption efficiency towards heavy metal ions such as 
Cu(II), Ni(II), Pb(II) and Cd(II).5,196 The increase in adsorption efficiency is 




Scheme 1.31. Preparation of polyamine-polyurea and modification with 
pyromellitic anhydride.5,196 
Interfacial polycondensation (IP) is one of the preferred methods for 
the synthesis of PU microcapsules (MC) and thin films, in which water soluble 
polyamines are reacted with diisocyanates dissolved in organic solvents at the 
liquid-liquid interface. Chemical nature and concentration of the amine 
monomers are known to play a crucial role in the thickness and properties of 
the films or MC’s obtained.197 Typically long aliphatic diamines form flexible 
matrix whereas multifunctional aromatic (hard) diamines serve as both 
crosslinks and reinforcing fillers, thus providing mechanical toughness due to 
extensive intermolecular hydrogen bonding.198,199 Additionally, it is 
demonstrated that the primary amines react faster with isocyanates than the 
secondary amines by a factor of 2-5.200 Hence the role of amines on the 
structure and properties of the PU films or capsules is crucial in order to 
optimize different parameters which needs further investigation. 
1.4. Aryl-alkyl polyester – Linear and laterally connected polyesters 
Aryl-alkyl polyesters are of exceptional importance for their large 
number of applications in wide fields of industrial, domestic and technological 
fields. Poly(ethylene terephthalate) (PET) is a one example of such polyesters 
which is known for its excellent pattern of properties such as exceptional 
thermal stability, high mechanical strength, chemical resistance, good 
transparency and low permeability to gases.201,202 In addition to these 
characteristics many of the aromatic polyesters possess liquid crystalline 
properties due to their ability to either maintain their anisotropy over a 
temperature range (thermotropic) or induce anisotropy with the addition of 
solvents (lyotropic).203,204 Many of the liquid crystalline polyesters are wholly 
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aromatic polymers which can increase the stiffness, but result in degradation 
before melting.205 To circumvent this, many researchers designed aromatic 
polyesters copolymerized mesogens with various methylene spacers and 
studied the effect on the liquid crystalline properties.206  
Introduction of branched connections in a linear polymer presents 
‘kinks’ in the molecular structure which changes liquid crystalline properties  
of the polymers in addition to thermal, optical and mechanical properties. The 
effect of different lateral substitutions, length of spacer coils and molecular 
kinks have been investigated by many research groups. Copolymers of PE 
with ethyl bis-3,5,-(2-hydroxyethoxy)benzoate were synthesized by 
Jayakannan et al to study the changes in thermal properties and reported that 
the branching affects both melting temperature (Tm) and enthalpies (ΔHm) 
drastically.207 Hu et al investigated the effect upon modification of LC 
polyesters, poly(diethylene glycol 4,4’-bibenzoate) with kinked isophthalates 
in order to study oxygen transport.208 The non-linear monomers such as 
isophthalate disrupt crystalline packing, decrease the mesophase stability and 
may eliminate its liquid crystallinity altogether. Polyesters of copolymers with 
more than 30% isophthalate units are known to be amorphous.209 In general, 
the kinked structures reduce the effective axis of the molecule thus making the 
crystallization and close packing difficult.210 Kumar and Ramakrishnan 
described the synthesis of a series of biphenyl based polyesters with molecular 
branching by virtue of the 1,3,5-connectivity of the aromatic ring with the 
introduction of 3,5-dihydroxybenzoic acid derivatives.211 Kotek et al 
synthesized poly(ethylene isophthalate), which is similar in structure to PET 
except its carbonyl groups are attached in 1,3-positions.202 This polymer 
lacked crystallinity and remained largely amorphous with a Tg of 58 °C and 
showed lower gas permeability than PET. 
1.5. Challenges 
Synthesis of primary/secondary amine functional polymers have been 
evolved considerably over the years which have addressed synthetic 
difficulties including their higher reactivity, nucleophilicity, oxidation in air 
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and overall instability of these polymers owing to free amine groups. 
However, there are research gaps which need to be addressed. 
1. Most of the methods in synthesizing primary/secondary polyamines 
make use of protecting group chemistry. Although the protecting 
groups are beneficial in preventing side reactions, they introduce 
additional reaction and purification steps which should be eliminated 
to produce a more economical synthetic strategy. 
2. Methods to prepare polymers in industrial scale demand inexpensive 
reagents or reactants. However, most of the reactants and reaction 
conditions to synthesize polyamines are expensive or may need special 
conditions making them impracticable for large scale synthesis.  
3. Direct use of synthesized polyamines in water purification is not 
widely known. While polyamines grafted onto or functionalized 
surfaces have been used for adsorption of heavy metal ions or organic 
dyes, polyamines have not been used directly as adsorbents. 
1.6.  Scope and outline of the present work 
The main objective of the present work is to develop amine functional 
polymers, which are efficient in water purifications. The specific objectives 
are summarized as follows: 
(a) To develop facile and easy synthetic methods to prepare stable and 
solution processable polyamines that can be scaled up in economical 
ways.  
(b) Facile synthesis of amphiphilic block copolymers by controlled radical 
polymerization techniques and structural characterization. 
(c) The use of polyamines as adsorbents for different water contaminants 
such as organic pollutants, metal nanoparticles and ions by solid-liquid 
and liquid-liquid extraction processes for higher efficiencies. 
(d) To investigate the adsorption capacities, kinetics and isotherms for the 
extractions by polyamines. 
(e) To study polymer thin film formation at the liquid–liquid interactions 
by crosslinking of polyamines with diisocyanates and to examine the 
changes in surface morphologies with different amines. 
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Chapter 2 and 3 of this work explain the synthesis of amphiphilic block 
copolymers consisting of amine functionalities. CRP methods such as RAFT 
and ATRP are employed for a facile and easy routes to prepare primary and 
secondary amine functionalities. Chapter 4 summarizes the synthesis of amine 
functional microparticles by dispersion polymerization and covalent 
attachment of amines to the microsphere surfaces. All the polyamines 
synthesized are used for the extraction of metal ions, nanoparticles and organic 
dyes from aqueous solutions, thus exploring their adsorption capacities. The 
polyamines are shown to have good extraction efficiencies for various 
pollutants and thus can be used as potential adsorbents in water purification 
techniques. Chapter 5 introduces polymerization of polyamines and 
diisocyanates at the liquid-liquid interface forming polyurea thin films. The 
effect of different amine reactants of the surface morphologies of the thin 
films are studied in detail. In addition the diffusion of molecules through the 
film and the reductive activity of the film is demonstrated through different 
experiments. Chapter 6 describes the synthesis of aryl-alkyl polyesters with 
molecular kinks and the structure and thermal properties are compared with 
linear polyesters reported in literature. In summary, the present work 
highlights the role of amine functionalities on various polymers in 
environmental processes. 
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Amphiphilic block copolymers are used for several applications such 
as templates and patterns for mesoporous and nanomaterials,1 as rheological 
modifiers for personal care products,2 for enhanced oil recovery,3 and in drug 
delivery.4, 5 These polymers consist of a hydrophilic and a hydrophobic blocks, 
hence polymer amphiphiles adopt micellar morphologies in dilute solutions 
that balance the interfacial energies of the solvated polar head group and the 
hydrophobic tail.2, 6 Aqueous dispersions of amphiphilic block polymers adopt 
complex structures including spherical, disk shaped, tubular and branched 
tubular micelles, vesicles and compound vesicles.2, 5, 7, 8 Micellar 
morphologies of polymers depend on several factors such as overall polymer 
molecular weight, polydispersity, composition, functionality, solvent 
conditions and the method of dispersion.5 A very small critical micelle 
concentrations of block polymers can trap the micellar aggregates, which 
considerably alter the wetting properties and viscosities of the solvent. 
Synthesis of water soluble polyacrylamide and its derivatives has 
played an important role towards developing agents for the recovery of crude 
petroleum,9 coagulating agents for waste water treatment10 and additives for 
enhancing the strength of paper.11 Further to explore the potential applications, 
the controlled living polymerizations, such as nitroxide mediated controlled 
radical polymerization (NMP),12 atom transfer radical polymerization 
(ATRP),13 reversible addition-fragmentation chain transfer (RAFT)14 and the 
cyanoxyl-mediated free-radical polymerizations15-16 have also been used to 
prepare polyacrylamides and their block copolymers with well-defined 
structures.15  
The increased use of NPs in various commercial products enhances the 
possibility for the contamination of environment which may pose serious 
health concern in the near future. Since these ultra-small particles have 
potential risks for humans and animals,16-18 it is important to consider methods 
for their removal from polluted water.  Nevertheless, the direct separation 
would be difficult due to their small size, high reactivity and large surface 
area. Recently many researchers have reported health concern caused by 
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metallic NPs to living systems.19-22 So the removal of such NPs from the 
environment is a challenge and new methodologies need to be developed in 
the near future. 
Various water purification methods have been developed to remove 
pollutants, such as chemical coagulation, flocculation, membrane separation, 
photo-degradation, and ion exchange methods.23–26 As the research of NP 
removal from water is only in the early stages, only a few materials or 
methods exist for the removal of metal nanomaterial from potable water. Some 
examples include, studies on the removal of engineered nanoparticles (Ag, 
TiO2, and SiO2) using activated sludge,27 sorption of Ag NPs by activated 
carbon28 and TiO2 NP’s by porous materials.29 Nevertheless, most of these 
adsorbents from natural sources exhibited lower extraction efficiencies toward 
NPs. 
In this work, a simple route for the synthesis of a few amine-
functionalized poly(N-alkylacrylamide-b-styrene)s is described and their 
efficiency towards the removal of NPs from water under laboratory conditions 
is studied (Figure 2.1). This approach allows using specially designed 
polyamines for the removal of nanoparticles. As a model study, the extraction 
efficiency for the removal of gold and silver nanoparticles from water at 
moderate pH was evaluated and the observed results are explained using 
various theoretical models. Incorporating the styrene block is expected to 
increase the stability of the polymer in ambient conditions. 
 





Ethyl acrylate (EA, 99%), styrene (99%), ethylenediamine (EDA, 
98%), 1,3-propylenediamine (PDA, 99%), p-xylylenediamine (XDA, 99%), 
copper (I) bromide (99.9%), ethyl α-bromoisobutyrate (EBIB, 98%), 
N,N,N',N'',N''-pentamethyl diethylenetriamine (PMDETA, 97%), silver nitrate 
(AgNO3), hydrogen tetrachloroaurate trihydrate (HAuCl4•3H2O), trisodium 
citrate dihydrate and sodium borohydridewere purchased from Sigma Aldrich. 
All materials were used without further purification. Chloroform (CHCl3, 
Fisher Chemical), tetrahydrofuran (THF, BDH Prolabo chemicals) and N,N-
dimethylformamide (DMF, Merck) were used for dissolving block polymers. 
Deionised water was used for preparing stock solutions of nanoparticles.  
2.2.2. Synthesis of Ag and Au nanoparticles 
PVP and citrate capped gold (Au NPs) and silver (Ag NPs) 
nanoparticles were synthesized via reduction of KAuCl4•3H2O and AgNO3 
salts, respectively. Aqueous solution of AgNO3 (0.5 ml, 0.1 M) was diluted to 
20 mL with deionized water. Trisodium citrate dihydrate (0.05 g, 0.17 mmol) 
dissolved in water (10 mL) was added dropwise and stirred for an hour. After 
diluting the mixture with deionized water (100 mL), a freshly prepared 
solution of NaBH4 (0.01 g, 0.26 mmol) dissolved in water (10 mL) was added 
slowly and stirred for 24 h at room temperature. The resulting solution was 
centrifuged to get a solid pellet which was washed with water to remove 
unreacted starting materials. A similar procedure was employed in the 
preparation of PVP capped nanoparticles. 
To prepare citrate capped gold nanoparticles (Au-Cit), trisodium citrate 
dihydrate (0.05 g, 0.017 mmol) was dissolved in water (10 mL) and 
KAuCl4•3H2O (0.022 g, 0.05 mmol) in 50 mL water was added with stirring. 
Freshly prepared NaBH4 solution (0.01 g, 0.26 mmol) dissolved in water (10 
mL) was added dropwise, diluted with water (130 mL) and stirred for 24 h at 
room temperature and the obtained nanoparticles were purified to remove 
impurities. Purification was done by repeated centrifugation and washing with 
water, followed by testing the supernatant liquid for unreacted metal ions and 
capping agents. Similar procedure was followed for the synthesis of PVP-
55 

capped Au NPs with PVP (0.01 g in 10 mL water) was used as capping agents 
instead of citrate.  
2.2.3. Synthesis of poly(ethyl acrylate) by ATRP27 
A mixture of EA (5.0 g, 50 mmol), Cu(I)Br (0.07 g, 0.5 mmol) and 
PMDETA (0.09 g, 0.5 mmol) were taken in a three-neck round bottomed 
flask, equipped with a reflux condenser and N2 inlet. After purging with N2 for 
an hour, the mixture was placed in an oil-bath pre-heated to 80 °C. The 
initiator ethyl α-bromoisobutyrate (0.097 mg, 0.5 mmol) was added using 
syringe and heating was continued for 2 h for the polymerization and cooled to 
RT. After diluting with THF, the resulting polymer solution was passed 
through celite bed to remove copper catalyst. The filtrate was concentrated to 
minimum volume and precipitated from n-hexane. Re-dissolving the polymer 
in THF and re-precipitation yielded PEA as a viscous gum which was dried 
under vacuum at 40 °C. GPC: Mn = 3200 and PDI = 1.18; Yield: 30%; 1H 
NMR (CDCl3, δ: ppm): 1.25 (CH3-), 1.47 (-CH2-CH-), 2.29 (CH-CO), 4.1 (-
OCH2-), IR (cm-1) 1737 (C=O), 2943, 2882 (CH). 
2.2.4. Block copolymerization PEA with styrene27 
Styrene (10.0 g, 96 mmol) was added to a solution of bromo-
terminated PEA (4.0 g, 0.5 mmol) and toluene (10 mL) in a three necked 
round bottomed flask equipped with a N2 inlet and reflux condenser. Cu(I)Br 
(0.072 g, 0.5 mmol) and PMDETA (0.087 g, 0.5 mmol) were then added to the 
mixture. After purging with nitrogen for 1 h, the mixture was heated to 110 
°C. The degree of polymerization was monitored by GPC analysis at different 
time intervals. After 30 h the reaction was stopped by cooling to RT and 
diluting with THF. The mixture was filtered through celite and solvent was 
evaporated. Resulting copolymer poly(ethyl acrylate-b-styrene) (PEA-b-PS) 
was then precipitated in methanol to yield a white solid, which was dried 
under high vacuum for 6 hours. GPC: Mn = 7200, PDI = 1.10; Yield (4.5 g); 
1H NMR (CDCl3, δ: ppm): 1.29 (-CH3), 1.62 (-CH2-), 1.93 (-CH-), 2.4 (-CH-), 




2.2.5. Aminolysis of the PEA-b-PS with different diamines  
A typical aminolysis procedure was followed for the preparation of 
different amine-functionalized block polymers. A mixture of PEA-b-PS (0.5 
g) and diamine (EDA, PDA or XDA; 5.0 g) taken in a RB flask at a weight 
ratio of 1:10 was heated to 120 °C. The reaction was stirred for 48 h to attain 
homogenous solutions and no precipitation was observed on cooling. The 
extent of aminolysis was analyzed by GPC, 1H-NMR and FT-IR. After 
completion, the excess diamine was removed either by evaporation (in case of 
EDA) or by precipitating in excess of methanol (for PDA and XDA). The 
amine polymers were filtered, washed repeatedly with methanol and dried 
under high vacuum at 40 °C for 16 h. PAEA-b-PS: Yield (1.23 g); 1H NMR 
(CDCl3, δ: ppm) 1.4 (-CH2-), 1.5-1.7 (-CH2-CH2-), 1.85 (-CH-), 5.7 (-NH-) 
and 6.25-7.2 (phenyl); IR (cm-1) 1725 (C=O), 1650 (-CONH-) and 3416, 3370 
(NH str); PAPA-b-PS: Yield (1.4 g); 1H NMR (CDCl3, δ: ppm) 1.25 (-CH2-), 
1.43 (-CH2-CH2-CH2-), 1.73 (NH2-CH2-), 2.75 (-NH-CH2-), 5.34 (NH) and 
6.20-7.35 (phenyl); IR (cm-1) 1737 (C=O), 1650 (-CONH-) and 3441 (NH str); 
PAXA-b-PS: Yield (1.2 g), 1H NMR (CDCl3, δ: ppm) 0.81 (-CH3), 1.58 (-
CH2-), 1.85 (-CH-), 2.02 (-CH-), 2.91 (NH2-CH2-), 3.5 (-OCH2-), 5.4 (-NH-
CH2-) and 6.25-7.21 (Ar str); IR (cm-1) 1733 (C=O), 1650 (-CONH-) and 3446 
(NH str). 

Scheme 2.1. Preparation of amine-functionalized amphiphilic block 




Gel permeation chromatography (GPC) for polymers was performed 
on Waters e2695 alliance system equipped with Waters 2414 refractive index 
detector using THF as the eluent at a flow rate of 0.3 mL/min at 40 °C. 
Polystyrene standards were used for calibration. 1H NMR spectra were 
recorded on a Bruker Avance AV300 (300 MHz) NMR instrument using 
CDCl3 as the solvent. Bruker ALPHA FT-IR Spectrophotometer was used for 
the Fourier transform infrared (FT-IR) spectroscopy analysis. 
Thermogravimetric analysis (TGA) measurements were conducted using a 
SDT 2960 TA Instruments. All samples were heated under a flow of nitrogen 
gas from 25 to 800 °C at a heating rate of 10 °C/min. Differential scanning 
calorimetry (DSC) was carried out in a Mettler Toledo DSC1 STARe System. 
The samples were heated under a flow of nitrogen gas at 20 °C/min from 20 to 
130 °C. SEM images for block copolymers were taken with a Field Emission 
Scanning Electron Microscopy (JEOL JSM-6701F). The samples were 
carefully mounted on copper stubs with double-sided conducting carbon tape 
and sputter-coated with 2 nm platinum before examination. The size of the 
nanoparticles was determined using a transmission electron microscope (TEM, 
JEOL JEM 2010). The quantitative adsorption measurements for nanoparticles 
were carried out using a UV-Vis spectrophotometer (Shimadzu-1601 PC 
spectrophotometer). 
PVP or citrate capped Au NPs showed UV absorption maxima at 520 
nm and 519 nm respectively, whereas Ag NPs showed the absorption maxima 
at 397 nm and 389 nm (Figure 2.2). The synthesized nanoparticles had 
diameters of 10 to 15 nm as shown by the TEM images (Figure 2.3). Dynamic 
light scattering (DLS) showed the nanoparticles diameter and electrophoretic 
mobility (or electrokinetic surface charge) of individual nanoparticles 




Figure 2.2. UV-visible spectra of PVP and citrate capped Au and Ag 
nanoparticles. 
 
Figure 2.3. TEM images of PVP and citrate capped Au and Ag-nanoparticles.  
Table 2.1. Dynamic light scattering (DLS) for diameter and electrokinetic 
surface charge measurement for PVP and citrate capped Au and Ag-
nanoparticles.  
Nanoparticle Size (nm) Zeta potential (mV) 
Au – PVP 89.33 - 24.7 
Ag – PVP 29.65 - 32.4 
Au – Citrate 16.73 - 40.2 




2.3. Results and Discussion 
Synthesis of amine-functionalized amphiphilic block copolymers is a 
sequential 3- step process described in Scheme 2.1. In the first step, ATRP of 
EA was carried out in bulk at 80 °C using [EA]:[CuBr]:[EBIB] with a molar 
ratio of 100:1:1.  
2.3.1. GPC Studies 
GPC analysis of the resulting PEA showed a molecular weight Mn of 
3200 with PDI =1.18. This PEA macro-initiator was used further for block 
copolymerization with styrene at 110 °C in toluene to obtain the block 
polymer, PEA-b-PS. GPC analysis of the resulting block copolymer showed a 
molecular weight, Mn of 7200 with a PDI of 1.10. In the third step aminolysis 
of PEA-b-PS was carried out using 3 different diamines (EDA, PDA or XDA) 
in a weight ratio of 1:10 to get a series of amine-functionalized block 
copolymers. The number-average molecular weight (Mn) of amine-
functionalized amphiphilic block copolymers, PAEA-b-PS, PAPA-b-PS and 
PAXA-b-PS by GPC imply 30, 32 and 25 respective repeating units of amine-
functionalized blocks with 39 units of styrene. 
To determine the possibility of any degradation of the block polymer 
PEA-b-PS during the reaction with diamines, GPC analysis of the PAEA-b-
PS, PAPA-b-PS and PAXA-b-PS polymer sample derived from PEA32-b-PS38 
was performed in THF solution. GPC analysis indicated a unimodal curve and 
consistent PDI value around 1.14. The molecular weights of the copolymers 
after aminolysis are consistent with the molecular weight of starting polymer 
(Mn = 7200), which clearly indicates that the polymers are stable as no 
degradation took place when subjected to aminolysis. 
2.3.2. 1H NMR Studies 
The copolymer microstructures of amphiphilic block copolymers were 
defined by 1H-NMR analyses. Figure 2.4 shows the 1H-NMR spectra for the 
step-wise synthesis of amphiphilic block copolymer. The signal due to 
aliphatic protons appeared in the range from 0.9-2.7 ppm, whereas the 
methyleneoxy group protons of PEA segment showed a broad signal centered 
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at 4.1 ppm (A, Figure 2.4). The signals of aromatic protons in PEA-b-PS 
appeared at 7.6-6.3 ppm (B, Figure 2.4). The integral ratio of the aromatic 
protons to that of the aliphatic protons is about 1.20, which shows an 
approximately 38 repeating styrene units are in the polystyrene block and 32 
repeating units of EA in the PEA block. This implies the molecular weight of 
PAEA-b-PS is 7100, which is in well agreement with that observed by GPC 
(Mn = 7200). 
 
Figure 2.4. 1H NMR spectra for step-wise synthesis of amine-functionalized 
block copolymers (A) PEA, (B) PEA-b-PS, (C) PAEA-b-PS, (D) PAPA-b-PS 
and (E) PAXA-b-PS. 
Aminolysis of block copolymer PAEA-b-PS was carried out using 3 
diamines. In case of PAEA-b-PS, the signals at 4.1 and 0.9 ppm originating 
from the ethoxy group of PEA segment disappeared and a new strong signal 
associated with four protons of methylene unit -NH-CH2-CH2-NH2 groups 
emerged around 1.58 ppm (C, Figure 2.4). The broad singlet at 5.7 ppm can be 
assigned to the proton of the -NH group. A similar pattern was observed with 
PAPA-b-PS, with multiplets of central methylene protons of propyl appeared 
at 1.25 ppm and NH peak was seen at 5.3 ppm (D, Figure 2.4). These results 
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imply a complete aminolysis of PEA segment of the block copolymer with 
both EDA and PDA. The 1H-NMR spectra of PAXA-b-PS shows peaks at 2.9 
ppm and 5.4 ppm corresponds to -CH2NH2 and -NHCH2 respectively, while 
methyleneoxy protons of PEA segment appeared at 3.58 ppm (E, Figure 2.4) 
implying a partial aminolysis occurred with this block copolymer. A few 
earlier reports have described the aminolysis reaction of esters with different 
amines to give the corresponding amide compounds.27,29 
2.3.3. FT-IR Analysis 
 
Figure 2.5. IR spectra for step-wise synthesis of block copolymers (a) PEA, 
(b) PEA-b-PS, (c) PAEA-b-PS, (d) PAPA-b-PS and (e) PAXA-b-PS. 
FT-IR spectra of the polymers obtained in each step are shown in 
Figure 2.5. In Figure 2.5a, the characteristic carbonyl stretching of the starting 
PEA appears at 1737 cm-1. The other typical peaks observed at 1258 and 1161 
cm-1 are associated with stretching vibrations of OC-O and O-CH2 bonds, 
respectively. Similar peaks were obtained after copolymerization with styrene 
62 

block (Figure 2.5b) and the new peaks of the polystyrene block emerged in the 
spectrum.  
The vibrations of C=C are observed at 1590 and 1600 cm-1. 
Aminolysis in the third step results in complete disappearance of carbonyl 
peak of PEA at 1737 cm-1 and appearance of a new peak associated with the 
amide carbonyl at 1650 cm-1 (Figure 2.5c), which indicates quantitative 
aminolysis of the ester function with diamines. The broad band in 3650-3300 
cm-1 range can be ascribed to stretching vibration of N-H bond. IR spectra of 
PAEA-b-PS and PAPA-b-PS reconfirms the complete aminolysis of polyether 
block (Figure 2.5c-d), while IR spectra of PAXA-b-PS shows notable peaks 
for both the carbonyl ester and amide at 1733 cm-1 and 1650 cm-1 respectively, 
suggesting only a partial aminolysis (Figure 2.5e). 
2.3.4. Thermal properties (TGA and DSC Analyses) 
To study the thermal stability of the amphiphilic block polymers, TGA 
and DSC were performed under N2 atmosphere. TGA curves of the 
copolymers are shown in Figure 2.6(A) and suggest that 3 block polymers 
have comparable thermal stabilities. In case of PAEA-b-PS, an initial weight 
loss (around 3%, below 100 °C) is attributed to the absorbed water and 
residual solvents in the sample. A weight loss of 7% was observed around 199 
°C that further started to degrade at 229 °C. The degradation of PAPA-b-PS 
and PAXA-b-PS started at 290 and 332 °C, respectively, owing to a possible 
loss of alkyl chain length of the block copolymers. These data indicate that 
thermal stability of the composites is enhanced by incorporation of long alkyl 
chain and aromatic segment into the block copolymer network. The final 
stages of weight losses at 454, 461 and 471 °C for PAEA-b-PS, PAPA-b-PS 
and PAXA-b-PS, respectively are due to thermal decomposition of the 
aromatic segments, leaving behind carbonaceous residues. 
The DSC curves for the block copolymers are shown in Figure 2.6(B). 
The glass transition temperature (Tg) indicate an increasing stiffness in the 
block copolymers with the increase in alkyl and aromatic unit when compared 
to the ester segment of PAEA-b-PS copolymer. Tg of the block copolymers 
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PAEA-b-PS, PAPA-b-PS and PAXA-b-PS were found to be increased from 
86, 93 and 103 °C, respectively, with increased alkyl and aromatic units.  
 
Figure 2.6. (A) TGA and (B) DSC curves of block copolymers. 
2.3.5. Morphologies of drop-cast polymers 
Block copolymers are able to self-assemble into diverse morphologies 
depending on the relative fractions of the hydrophobic and hydrophilic 
blocks.7,8 Variation of polymer-solvent interactions and increasing solvent 
selectivity are known to control the structure of the micelles and their ordered 
packing.33,34 
In the present study, thin films of the block copolymers (PAEA-b-PS, 
PAPA-b-PS and PAXA-b-PS) were prepared on glass slides by drop-casting 
solutions of polymers (1 mg mL-1) in different solvents (CHCl3, THF and 
DMF) at RT. FESEM was used to establish the self-assembly of block 
copolymers (Figure 2.7). When the block copolymers dissolved in CHCl3 were 
drop-casted on a glass substrate, ordered porous films were formed for all the 
three copolymers in less than 60 s with the solvent evaporation, as seen by 
FESEM studies. However, the shape regularity of PAPA-b-PS and PAXA-b-
PS films was low in comparison to that formed by PAEA-b-PS. 
The difference in the formation of breath figures can be explained 
owing to the presence of amphiphilic character for all block copolymer 
backbone, which may help to form certain structures under ambient conditions 
and high humidity.35 It is suggested that porous network structure was formed 
owing to the evaporation of low-boiling hydrophobic solvents under high 
humidity, followed by water of condensation and evaporation, similar to 




polar, high-boiling solvents such as THF and DMF formed spherical polymer 
nanospheres (100–650 nm) on solvent evaporation. Here, the formation of 
spherical micelles is preferred owing to the high polarity of the solvent. The 
observed morphology is also dependent on the relative composition of solvent 
and initial polymer concentration. At a low polymer concentration (1 mg mL-
1), spherical nanoparticles were formed, while highly aggregated spherical 
structures were observed when the polymer concentrations were increased 
further. 

Figure 2.7. SEM images of the thin film for PAEA-b-PS (a-c), PAPA-b-PS 
(d-f) and PAXA-b-PS (g-i) drop-casted on glass plates from different solvents.  
2.4. Extraction of Metal Nanoparticles from Aqueous Solution 
Citrate and PVP capped Au and Ag NPs were synthesized and 
characterized as explained in the experimental section. The size of the 
synthesized spherical Au NPs (15–20 nm) and Ag NPs (20–40 nm) as 
determined by TEM imaging. UV-Vis spectra of Au and Ag NPs showed 
absorption maxima at 518 and 420 nm, respectively.  
The extraction capacities and time dependence of three block 
copolymers with respect to metal nanoparticles were determined. Extraction 
experiments were carried out with an initial nanoparticle concentrations of 2.5 
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x 10-4 M (1.5 mL) at neutral pH and the extraction kinetics was deduced from 
the experimental data. The extraction increased with time and a dynamic 
equilibrium was reached rapidly (20 min), especially in the case of citrate 
capped Ag NPs. This is owing to a strong interaction of the polymers with 
more negatively charged NPs. The observed extraction efficiencies could be 
explained based on a combination of both electrostatic and strong interaction 
between amines and Ag NP surface.39 The extraction efficiencies of PAEA-b-
PS and PAPA-b-PS were considerably higher than those of PAXA-b-PS for all 
four nanoparticles (Figure 2.8). This phenomenon could be attributed to the 
lower degree of aminolysis of PAXA- b-PS as compared to the PAEA-b-PS 
and PAPA-b-PS.  
 
Figure 2.8. Variation of adsorption capacity with time for (A) PAEA-b-PS, 
(B) PAPA-b-PS and (C) PAXA-b-PS copolymers with (a) Ag-Cit, (b) Ag-
PVP, (c) Au-Cit and (d) Au-PVP NPs. 
2.5. Extraction Kinetics 
Different kinetic models have been used to explain the extraction of 
NPs using block polymers.40–42 Pseudo-first order [eq. (2)] and pseudo-second 
order [eq. (3)] equations were used to analyze the experimental data from the 





Pseudo-first order: Log (Qe–Qt) = Log Qe–k1t / 2.303  (2) 
Pseudo-second order: t / Qt = 1 / k2Qe2 + t / Qe (3) 
where, Qe and Qt indicate the amount of nanoparticles adsorbed (mg g-1) at 
equilibrium and at time t, respectively, and k1 (min-1) and k2 (g mg-1 min) were 
the corresponding rate constants. 
Figure 2.9. Pseudo-first order (i, iii, v) and pseudo-second order (ii, iv, vi) 
kinetics for copolymers PAEA-b-PS, PAPA-b-PS and PAXA-b-PS, 
respectively, for adsorption of (a) Ag-Cit, (b) Ag-PVP, (c) Au-Cit and (d) Au-
PVP NPs. 
Extraction studies were carried out using polymer solutions at two 
concentrations (0.5 and 0.25 mg/mL) in CHCl3. It was found that the use of 
high polymer concentration (0.5 mg/mL) led to high extraction efficiency 
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within a few minutes. Hence, further extractions were carried out using 0.25 
mg/mL polymer solution to study the extraction kinetics. In case of Ag-Cit 
and Au-Cit NPs, the equilibrium was reached within 10 min and deduction of 
different kinetic parameters for such fast extraction process was not 
manageable.  
The results of the rate constants for the first-order and second order 
extraction kinetics for all four NPs with different block copolymers are 
summarized in Table 2.2. It could be seen that the correlation coefficients (R2) 
from second-order extraction kinetics fit better with the experimental data 
compared to the pseudo-first-order model. Also, the calculated Qe values from 
the second-order model were in accordance with the experimental data. These 
results indicated that the extraction follows the second-order extraction 
kinetics. Hence it could be suggested that the rate limiting step may be the 
chemisorption involving valency forces through sharing of electrons (N and 
O) between the polymers and the NPs.  
Table 2.2. Pseudo-first order and pseudo-second order constants and 

























Ag 97.48 44.96 0.0039 0.802 99.60 0.001 0.999 
Au 50.13 53.13 0.0007 0.944 50.45 0.002 0.996 
PAPA
-b-PS 
Ag 115.17 56.40 0.0103 0.958 117.78 0.001 0.999 
Au 108.21 30.07 0.0132 0.949 109.89 0.001 0.999 
PAXA
-b-PS 
Ag 112.66 46.34 0.0099 0.890 116.14 0.001 0.999 
Au 66.51 31.35 0.0023 0.619 66.93 0.002 0.999 
 
2.6. Conclusion 
In conclusion, controlled synthetic route for synthesis of block 
copolymer was developed by ATRP, followed by aminolysis by different 
diamines. All prepared amphiphilic block copolymers exhibited good thermal 
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stability and the thermal properties of the polymers were found to enhance 
with an increase on alkyl and aromatic group in PEA-b-PS block. Also the 
formation of regular honeycomb structures formed by these polymers by 
simple drop-casting method is explained. The honeycomb morphologies are 
due to the condensation of the water drops upon evaporation of CHCl3 and the 
precipitation of amphiphilic polymer which prevent the water drops coalescing 
with one another, thus forming a regular structure. Further the applications of 
block copolymers for the adsorption of NPs from aqueous medium at 
moderate pH was demonstrated. The block copolymers were found to be 
highly efficient in extracting Ag and Au-NPs. All the block polymers showed 
a high value of Qe for both citrate and PVP capped Ag and Au NPs. In 
addition, the extractions by all three block polymers followed pseudo-second 
order kinetics. Such polymers can be synthesized in facile ways and may be 
conveniently used for purification of water contaminated by metal NPs.  
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SYNTHESIS OF AMPHIPHILIC BLOCK 




RAFT polymerization is widely used for the synthesis of block 
copolymers with a specific architecture and a narrow distribution of molecular 
weights.1-4 Owing to the presence of hydrophobic and hydrophilic blocks, 
amphiphilic block copolymers display interesting organizations and properties 
in solid state and in solution.5 In addition, amphiphilic polymers have attracted 
much attention in materials science and biomedical applications.6-9 
Polyamines or aminogels are used to extract heavy metal ions, nanoparticles 
and anionic metal species through electrostatic interactions.10-17 Polymers such 
as PEI and PAAm with large number of primary and secondary amino groups 
exhibit good extraction ability for heavy metals 18-20.  
In general, polymers with amine functionalities are challenging to 
prepare owing to poor stability, high reactivity, low solubility in common 
solvents and processing difficulties under ambient conditions. Additionally, 
free amine groups are prone to oxidation by atmospheric oxygen, triggering 
degradation of the active amine species. Introduction of amine protecting 
groups during synthesis introduces additional synthetic steps that need to be 
mitigated in order to increase the reaction yield. Also, the pH dependence of 
amines make the synthetic conditions selective.  
Herein is reported a strategy to obtain diblock polyamines using a 
combination of RAFT and click reactions. This simple strategy is versatile and 
can be used for a convenient synthesis of amphiphilic block polymers. 1,2,3-
Triazole group, a versatile functional heterocycle unit formed via click 
chemistry is known for its coordination with anionic, neutral and cationic 
guest molecules.21, 22 The concept and the structures of target polymers, PES-
b-PS (5), PAPTPA-b-PS (P1), PAPTOA-b-PS (P2), PAPTXA-b-PS (P3), and 
PAPTPP-b-PS (P4) are shown in Figure 3.1. The target molecules are 
designed to incorporate amine functionalities from anilines and pyridines 
linked to the polymer backbone by flexible alkyl or aryl spacer chains. The 
presence of the hydrophobic styrene block is crucial towards increasing the 
solubility in common organic solvents, air-stability and self-organization of 
polymers under ambient conditions and the spacer alkyl chains provide 
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flexibility for the amine groups to coordinate to metals and organic dyes. The 
synthesized amphiphilic polymers were used to extract metal nanoparticles, 









Polymer – nanoparticle 
complex
Figure 3.1. Schematic representation of the binding of NPs with amine 




Styrene (99%), 4-bromostyrene (98%), silver nitrate (AgNO3), sodium 
citrate tribasic, hydrogen tetrachloroaurate trihydrate (HAuCl4•3H2O), 
azobisisobutyronitrile (AIBN), diisopropylethylamine (DIPEA), 
bromotris(triphenylphosphine)copper(I) (CuBr(PPh3)3) and sodium 
borohydride (NaBH4) were purchased from commercial sources and used 
without further purification. Chloroform (CHCl3), tetrahydrofuran (THF) and 
N,N-dimethylformamide (DMF) were used for dissolving block copolymers. 
Polyvinylpyrrolidone (PVP) capped water soluble Au and Ag nanoparticles 
were prepared and characterized by TEM and Zeta potential measurements. 




1H and 13C nuclear magnetic resonance (NMR) spectra were recorded 
on Bruker Avance AV300 (300 MHz) NMR instrument with CDCl3 solvent. 
FT-IR analyses were performed Bruker ALPHA FT-IR spectrophotometer by 
preparing KBr pellets with polymers. Gel permeation chromatography (GPC) 
was used to determine the average molecular weight of polymers on Waters 
e2695 alliance system equipped with Waters 2414 refractive index detector 
using THF as the eluent at a flow rate of 0.3 mL/min at 30 °C. Polystyrene 
was used as standard for calibration. Thermal degradation studies (TGA) were 
studied with a SDT 2960 TA Instrument. Samples were heated from 25 to 800 
°C at a heating rate of 10 °C/min under N2 atmosphere. Differential scanning 
calorimetry (DSC) measurements were done using a Mettler Toledo DSC1 
STARe System at 10 °C/min under nitrogen atmosphere. Surface morphology 
of the drop casted film was studied using JEOL JSM-6701F field emission 
scanning electron microscope (FESEM). The size and surface charges of 
nanoparticles were determined using transmission electron microscope (TEM, 
JEOL JEM 2010), dynamic light scattering (DLS) and Malvern Zetasizer 
Nano-ZS analyzer. The quantitative determinants of extraction efficiency of 
nanoparticles were carried out using a UV-Vis spectrophotometer (Shimadzu-
1601 PC spectrophotometer), and the concentrations of metal ions were 
quantitatively measured with Dual-view Optima 5300 DV Inductively coupled 
plasma - optical emission spectroscopy (ICP-OES) system. 
3.2.3. General procedure for click reaction 
A solution of the pre-polymer 5 (1.0 eq, based on 
(trimethylsilyl)ethynylstyrene units) in THF (20 mL) was treated with azide 
derivatives (1.0 eq), CuBr(PPh3)3 (0.01 eq) and DIPEA (0.5 mL, excess) and 
the mixture was allowed to stir at room temperature for 24 h. After removing 
the solvent under reduced pressure, the crude product was precipitated in 
excess of methanol. The solid was filtered, washed repeatedly from methanol 




3.2.4. Synthesis of poly[(trimethylsilyl)ethynylstyrene] 2 
To a solution of (trimethylsilyl)ethynylstyrene 1 (2.0 g, 9.98 mmol) in 
dry THF (5 mL) was added RAFT reagent cyanomethyldodecyl 
trithiocarbonate (0.03 g, 0.099 mmol),  AIBN (0.01 g, 0.06 mmol), and the 
mixture was degassed by repeated freeze-pump-thaw cycles, sealed under 
vacuum and heated at 70 °C for 12 h. The viscous reaction mixture was 
dissolved in THF (5 mL) and precipitated from excess methanol to give 
polymer 2 as a white powder (1.6 g, 80%, Mn = 8600 g/mol, PDI = 1.5); 1H 
NMR (300 MHz, CDCl3): δ 7.25-6.95 (m, Ar-H), 6.75-6.22 (m, Ar-H), 1.95- 
1.25 (m, -CH2-CH-), 0.37-0.25 (s, Si(CH3)3); IR (KBr, cm-1): 3023 (Ar-H), 
2925 (C-H), 2140 (–C≡C ), 1610 (–CC ).  
3.2.5. Synthesis of poly[styrene-b-(trimethylsilyl)ethynylstyrene] 4 
A mixture of styrene 3 (2.5 g, 24.9 mmol, 5 eq.) and 
poly[(trimethylsilyl)ethynylstyrene] 2 (1.0 g, 4.9 mmol, 1 eq) in dry THF (5 
mL) was added AIBN (0.01 g, 0.01 eq) and the mixture was degassed by 
repeated freeze-pump-thaw cycles, sealed under vacuum and heated at 70 °C 
for 6 hours. The viscous reaction mixture was dissolved in THF (5 mL) and 
precipitated from excess methanol to give polymer 4 as a white powder (2.9 g, 
82%, Mn = 44400 g/mol, PDI = 1.4); 1H NMR (300 MHz, CDCl3): δ 7.25-6.75 
(m, Ar-H), 6.70-6.35 (m, Ar-H), 1.90-1.25 (m, -CH2-CH-), 0.37-0.25 (s, 
Si(CH3)3); IR (KBr, cm-1): 3025 (Ar-H), 2920 (C-H), 2150 (–C≡C–), 1595 (–
CC–). 
3.2.6. Synthesis of poly[styrene-b-4-ethynylstyrene] 5 
To a solution of poly(styrene-b-trimethylsilylethynylstyrene) 4 (5.0 g, 
0.81 mmol based on (trimethylsilyl)ethynylstyrene units) in dry THF (100 
mL), was added TBAF (1.6 mL, 1 M in THF, 2 eq.) at 0 °C. After addition, 
the mixture was stirred for additional 2 h at 25 °C. The solution was then 
concentrated under reduced pressure and the polymer was precipitated three 
times from methanol to give 5 as a white powder (Yield: 95%, Mn = 33800 
g/mol, PDI = 1.6); 1H NMR (300 MHz, CDCl3):δ 7.25-6.94 (m, Ar-H), 6.75-
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6.32 (m, Ar-H), 3.14-3.04 (s, C≡CH), 1.96-1.27 (m, CH2-CH ); IR (KBr, 
cm-1): 3021 (Ar-H), 2910 (C-H), 2106 (–C≡C–), 1605 (–CC–). 
3.2.7. PAPTPA-b-PS (P1) 
Following the general procedure for click reaction, starting from 
poly[styrene-b-4-ethynylstyrene] 5 (1.0 g), azide derivative 6 (0.3 g, 1.27 
mmol), CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL), PAPTPA-b-PS 
(P1) was obtained in quantitative yield; 1H NMR (300 MHz, CDCl3): δ 7.21-
6.90 (m, Ar-H), 6.72-6.31 (m, Ar-H), 4.55-4.35 (m, triazole-CH2), 3.68-3.58 
(s, Ar-CH2), 2.90-2.70 (s, N(CH3)2), 2.68-2.58 (m, N-CH2), 2.10-1.35 (m, -
CH2-CH-); IR (KBr, cm-1): 3440 (N-H), 3060 (Ar-H), 2912 (C-H), 1611 ( 
–C=C–). 
3.2.8. PAPTOA-b-PS (P2) 
Following the general procedure for click reaction, starting from 
poly[styrene-b-4-ethynylstyrene] 5 (1.0 g), azide derivative 7 (0.38 g, 1.27 
mmol), CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL), PAPTOA-b-PS 
(P2) was obtained in quantitative yield; 1H NMR (300 MHz, CDCl3): δ 7.24- 
6.82 (m, Ar-H), 6.72-6.24 (m, Ar-H), 4.45-4.30 (m, triazole-CH2), 3.70-3.62 
(s, Ar-CH2), 2.95-2.85 (s, N(CH3)2), 2.62-2.55 (m, N-CH2), 2.15-1.25 (m, -
CH2-CH-); IR (KBr, cm-1): 3450 (N-H), 3045 (Ar-H), 2910 (C-H), 1620 (–C = 
C–). 
3.2.9. PAPTXA-b-PS (P3) 
Following the general procedure for click reaction, starting from 
poly[styrene-b-4-ethynylstyrene] 5 (1.0 g), azide derivative 8 (0.37 g, 1.27 
mmol), CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL), PAPTXA-b-PS 
(P3) was obtained in quantitative yield; 1H NMR (300 MHz, CDCl3): δ 7.25- 
6.92 (m, Ar-H), 6.82-6.35 (m, Ar-H), 5.58-5.32 (m, triazole-CH2), 3.80-3.62 
(m, Ar-CH2, N-CH2), 2.95-2.72 (s, N(CH3)2), 2.10-1.30 (m, -CH2-CH-); IR 
(KBr, cm-1): 3435 (N-H), 3053 (Ar-H), 2920 (C-H), 1603 (–C = C–). 
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3.2.10. PAPTPP-b-PS (P4) 
Following the general procedure for click reaction, starting from 
poly[styrene-b-4-ethynylstyrene] 5 (1.0 g), azide derivative 9 (0.2 g), 
CuBr(PPh3)3 (0.04 g, 0.01 eq.) and DIPEA (0.5 mL), PAPTPP-b-PS (P4) was 
obtained in quantitative yield; 1H NMR (300 MHz, CDCl3): δ 7.22-6.88 (m, 
Ar-H), 6.65-6.30 (m, Ar-H), 4.45-4.30 (m, triazole-CH2), 2.45-2.35 (m, Py-
CH2), 2.10-1.30 (m, -CH2-CH-); IR (KBr, cm-1): 3430 (N-H), 3040 (Ar-H), 
2925 (C-H), 1610 (–C = C–). 
3.3. Extraction experiments 
3.3.1. Liquid-liquid extraction of pollutants 
Diblock polyamines were dissolved in CHCl3 (5 mg/4 mL) and a small 
amount (400 µL) was added to a 2 mL centrifuge tube containing aqueous 
solution of metal NPs (1.5 mL, 2.5 × 10-4 M) or aqueous solutions of dyes or 
metal ions (1.5 mL, 50-100 ppm) and placed on a mechanical shaker (200 
rpm) for 6 h. All extraction experiments were performed at room temperature 
(25 °C) and neutral pH. During this period, the residual concentration of NPs 
and dyes in the aqueous solution was analyzed using UV-Vis spectroscopy at 
different time-intervals until the system reached equilibrium. For 
quantification, calibration graphs were plotted to estimate the amount of NPs 
or dyes remained in the aqueous solution after extraction. The concentrations 
of metal ions were determined periodically using inductively coupled plasma–
optical emission spectroscopy (ICP-OES) system. The extraction capacity Qe 
(mg/g) of the polymers was calculated using the following equation.23 
Qe = (Co – Ce) V / M  (1) 
where Co and Ce (mg/L) are initial and equilibrium concentrations of 
adsorbates, V is the volume of the adsorbate solution and M is mass of the 
adsorbent used. 
3.3.2. Solid-liquid extraction of nanoparticles 
For solid-liquid extraction, polymer solution in CHCl3 (1 mg/mL) was 
drop casted on a glass slide to form a porous film through slow evaporation of 
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the solvent. After drying the film under ambient conditions, morphology of the 
film was characterized using SEM. The glass slide with the polymer film was 
then dipped in aqueous solution of NPs (2 mL, 50 ppm) and allowed to stand 
at RT for 3 h, removed, washed with water, dried and analyzed using SEM to 
observe the changes in surface characteristics before and after extraction 
studies. Since the objective of these experiments is to show the affinity of 
diblock polyamines towards nanoparticles, no quantitative studies were carried 
out using solid-liquid extraction methods.  
3.4. Results and Discussion 
As depicted in Scheme 3.1, RAFT polymerization was used to 
synthesize the living polymer poly[(trimethylsilyl)ethynylstyrene], 2 (Mn = 
8600 amu; PDI = 1.5) from compound 1.24-28 Polymerization of styrene with 
the macroinitiator 2 afforded the required block copolymer 4 in good yield 
(Mn = 44,400 amu; PDI = 1.4). A long styrene block was incorporated to 
bring the desired solubility and processability in nonpolar solvents. RAFT 
polymerization yielded a polymer with a relatively narrow polydispersity as 
shown in the GPC curves (Figure 3.3A). The average molecular weights 
determined by GPC correspond to about 45 and 340 units of 2 and 4, 
respectively, suggesting the two blocks in the ratio ~7:1. Subsequent 
deprotection of trimethylsilyl groups was achieved using TBAF to give the 
block copolymer 5 (Mn = 33800 amu; PDI = 1.6) in quantitative yield. From 
the 1H-NMR spectrum of pre-polymer 5, the peak integral ratio of the styrene 
units and acetylene groups is 7:1, which shows an approximately 300 
repeating styrene units and 43 units of p-(acetylene)styrene on the polymer 
backbone. The observations from NMR studies comply with the Mw values 
determined using GPC analysis and thus rule out possibility of styrene being 
homo-polymerized during RAFT synthesis. The target polymers were 
synthesized from pre-polymer 5 in single steps using click chemistry. 
Molecular weight distribution and composition of the polymers were 
determined using GPC and 1H NMR spectroscopy, respectively. The acetylene 
groups present on polymer 5 were used for click reaction with various azide 
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derivatives under copper catalyzed condition to synthesize target block 
copolymers P1-P4 in quantitative yield.29-33 

Scheme 3.1. Synthesis of amine functionalized block copolymers PES-b-PS 
(5), PAPTPA-b-PS (P1), PAPTOA-b-PS (P2), PAPTXA-b-PS (P3), and 
PAPTPP-b-PS (P4). 
The molecular structures of amine block copolymers were established 
using 1H-NMR analyses (Figure 3.2). Typical 1H NMR spectrum showed a 
broad peak (a) at δ = 4.60 − 4.40 ppm for P1, P2 and P4 and 5.4 ppm for P3, 
which is attributed to the peak due to CH2-Ntriaz. Another broad peak (b) 
observed at δ = 3.7 − 3.5 ppm for P1 – P3 and 2.3 ppm for P4 could be 
assigned to –CH2− group attached to the dimethylaniline or pyridine moiety, 
respectively. A sharp intense broad singlet (c) centered at δ = 2.96 − 2.80 ppm 
could be assigned to the methyl protons of −N(CH3)2. 
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The signal due to aliphatic protons appeared in the range from 1.2 to 
2.7 ppm, whereas, the alkyne proton of the precursor polymer, PES-b-PS, 
showed a broad signal centered at 3.07 ppm (s, −C≡C−H). The appearance of 
three new peaks in between δ 5.6 – 2.8 ppm (a, b, c) after click reaction which 
are completely absent in the NMR of 5, implies a quantitative conversion of 
alkyne groups into amine groups through triazole ring formation. The 
formation of triazole ring is further confirmed by the disappearance of the 
acetylenic proton at δ 3.07 ppm and appearance of a peak at δ 7.76 – 7.96 ppm 
in polymers P1-P4.  

Figure 3.2. 1H NMR spectra of copolymers PES-b-PS (5), PAPTPA-b-PS 
(P1), PAPTOA-b-PS (P2), PAPTXA-b-PS (P3) and PAPTPP-b-PS (P4) in 
CDCl3 under ambient conditions. 
In Figure 3.3(B), the characteristic alkyne (−C≡C−H) stretching was 
observed at 2106 cm-1 for pre-polymer 5. The formation of triazole rings after 
click reaction was identified using the appearance of a broad –N-H stretching 
absorption peak at 3500  3100 cm-1 and disappearance of acetylene (−C≡C−) 
peak at 2106 cm-1 and the sharp −C≡C−H peak at 3290 cm-1. The absorption 
peaks observed in the range of 3100 − 2900 cm-1 (−C–H), and 1600 cm-1 
(C═C groups) are also assigned accordingly.  
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Figure 3.3 (A) GPC curves indicating the formation of block polymers, 
poly[(trimethylsilyl)ethynylstyrene] 2 and poly[styrene-b-(trimethylsilyl) 
ethynylstyrene] 4. The dotted line shows the incomplete conversion of 
macroinitiator 2 during reaction process. (B) FTIR spectra of precursor 
polymer PES-b-PS (5), and target amine-functionalized block copolymers P1 
– P4 recorded using KBr as matrix.
The thermal stability and weight loss percentage were obtained from 
TGA under N2 atmosphere. TGA curves of the block copolymers are shown in 
Figure 3.4(A) which suggest comparable thermal stabilities for all four block 
copolymers. This is expected considering the common polymer backbone for 
all polymers and close similarity in their overall architecture. The data reveals 
that the polymers P1 P3 start to degrade at 220 – 240 °C, whereas P4 is stable 
up to 350 °C and all polymers show a 50% weight loss at around 425 °C. The 
early weight loss in the three polymers is due to the N,N-dimethylamino 
pendant groups, which are not present in P4. All polymers showed single stage 
decomposition and char yield of 10 15% above 450 °C. The Tg of all 
polymers were determined using differential scanning calorimetry (DSC) 
under nitrogen atmosphere. The Tg observed for P1 – P4 in the DSC analyses 
showed an increase in chain mobility owing to the introduction of pendant 
alkyl groups, as compared to the PES-b-PS (5) pre-polymer. While 5 has a 
glass transition of 105.1 °C comparable to pure polystyrene backbone, the Tg 
of block copolymers P1 – P4 were observed at 96.3 ºC, 100.5 ºC, 100 ºC and 





Figure 3.4. (A) TGA curves of precursor polymer 5 and block copolymers P1 
– P4 recorded under nitrogen atmosphere. (B) DSC curves of block 
copolymers at N2 atmosphere using a heating rate of 10 ºC/min. 
3.5. Morphologies of block polymers 
Self-assembly of block copolymers depends on multiple factors such 
as structure of polymers, presence of polar or nonpolar functional groups, 
interchain interactions and nature of the solvents used.34,35 In the case of P1 - 
P4, the presence of styrene block and different polyamine blocks determine 
the morphology. In the synthesized polymers the hydrophobic styrene block 
was kept constant while changing the nature of amine functional groups. 
Polymer-solvent interactions and properties of solvents are known to control 
the structure and packing.36,37
Thin films with porous morphologies were formed by drop-casting 
CHCl3 solutions of polymer (1 mg mL-1) on a glass substrate under ambient 
condition. Self-assembly of amphiphilic polymers into honey comb structures 
are influenced by many factors which include the effect of solvents, moisture 
and polymer concentrations.38 Based on the reported mechanism of breath 
figure formation,39, 40-42  it is expected that the polar amine functional groups 
organize on the surface of the films and are used for the extraction of 
nanoparticles from aqueous solution It is expected to follow a mechanism of 
breath figure formation in which water condenstaion occurs due to the 
evaporation of solvent and immiscibility of CHCl3 and water. In contrast to 
this, the polymer solutions in polar, high-boiling solvents such as DMF (0.1 




conditions. FESEM was used to characterize the morphology of the films 
formed from different diblock polyamines (Figure 3.5).

Figure 3.5. SEM micrographs of the drop-casted film from polymer P-1 on 
glass plates from CHCl3 (a, 1 mg/mL) and DMF (b, 0.1 mg/mL) solutions.  
3.6. Liquid – liquid extraction of pollutants from aqueous solution  
Water soluble Au and Ag NPs were synthesized as briefed in Chapter 
2. TEM measurements showed the formation of monodispersed spherical Au 
NPs (15 – 20 nm) and Ag NPs (20 – 40 nm). Absorbance spectra of the 
particle showed an absorption maxima (λmax) of 390, 406, 526 and 520 nm for 
Ag-Cit, Ag-PVP, Au-Cit and Au-PVP NP’s, respectively. Extraction 
experiments were done using initial nanoparticle concentrations of, 2.5 × 10-4 
M (1.5 mL) at RT and neutral pH. The CHCl3 solutions of polymers P1 – P4 
(0.5 mL, 1 mg/mL) was added to a 2 mL centrifuge tube containing aqueous 
nanoparticle solutions and shaken on a mechanical stirrer for 6 h. The residual 
NP concentration was determined by drawing out small volumes of samples at 
pre-determined time intervals and measuring the absorption using UV-Vis 
spectroscopy. The concentration of NPs was measured by the reduction in 
absorbance intensity at λmax of NP solution. The extraction efficiency of 
polymers P1 - P4 was calculated by Eqn (1) mentioned in the experimental 
section. 
3.6.1. Effect of contact time on extraction of NPs 
The extraction of NPs by polymers attained a steady state condition 
within a short period of 15 - 20 mins, after which it showed no increase in the 
adsorption. Block polymers P1 – P3 showed similar trends in extraction 
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efficiencies (Qe ≥ 15 mg/g), while P4 showed lower Qe values (<15 mg/g). 
Polymers P1 – P3 have two amine groups each per repeating unit for 
coordination, while coordination of P4 is limited to terminal pyridyl groups. In 
addition, orientation, basicity and positions of these amine groups in the 
polymer chain also influence the extraction efficiencies. Higher extraction 
efficiencies were observed with polymer P1 in case of Ag-Cit (34 mg/g), Au-
Cit (25 mg/g) and Au-PVP NPs (13 mg/g), which is attributed to the shorter 
alkyl chain and high hydrophilicity of the amine groups (Figure 3.6). 
Figure 3.6. Time dependent extraction of nanoparticles, (A) Ag-Cit (B) Ag-
PVP (C) Au-Cit and (D) Au-PVP NP’s, using polyamines, P1 – P4 from water 
to organic phase.  
In order to determine the kinetics of the extraction process, two widely 
used kinetic models – pseudo-first order and pseudo-second order kinetic 
models were evaluated. The linear form of pseudo-first order proposed by 
Lagergren is given by linear equation:  
Log (Qe − Qt) = Log Qe – (K1 / 2.303) t    (2) 
where, Qe and Qt are the amount of nanoparticles adsorbed at equilibrium and 





order extraction. The plots of log(Qe−Qt) versus t were used to determine the 
corresponding rate constants. The correlation coefficients for the pseudo-first 
order kinetics were shifted significantly from unit value and therefore pseudo-
second order kinetic equation was used for the analysis of data. 
Figure 3.7. Pseudo-second order kinetic data for the extraction of Ag-Cit (A), 
Ag-PVP (B) and Au-Cit (C) and Au-PVP (D) NP’s using polyamines, P1 – 
P4. 
The pseudo-second order equation is given in the linear form: 
t / Qt = t / Qe + 1 / (K2. Qe2) (3) 
where K2 (g/mg min) is the pseudo-second order rate constant. The values of 
K2 and Qe were calculated experimentally from the slope and intercept of the 
t/Qt versus t plots, which are shown in Figure 3.7. The calculated rate 
constants and Qe values from pseudo-first and second order kinetic equation is 
given in Table 3.1. The correlation coefficients corresponding to pseudo-
second order are closer to unity and also the calculated Qe values are closer to 
those determined experimentally implying that the extraction follows a 





Table 3.1. Pseudo-first and second order constants and correlation coefficients 























P1 34.22 15.91 0.0152 0.024 33.88 0.0038 0.929 
P2 18.71 8.99 0.0790 0.751 19.15 0.0222 0.999 
P3 18.68 13.11 0.0888 0.953 19.37 0.0145 0.998 
P4 5.95 5.78 0.0306 0.865 7.36 0.0042 0.843 
Ag-
PVP 
P1 12.17 4.40 0.0519 0.922 12.26 0.0511 0.999 
P2 12.03 12.05 0.0308 0.981 13.48 0.0028 0.983 
P3 19.81 15.63 0.0129 0.749 21.98 0.0017 0.852 
P4 15.51 15.93 0.0651 0.974 17.50 0.0043 0.992 
Au-
Cit 
P1 25.74 16.94 0.0523 0.798  27.03 0.0063 0.998 
P2 25.74 21.06 0.0719  0.952 26.99 0.0074 0.999 
P3 25.91 18.90 0.0647  0.953 26.94 0.0081 0.999 
P4 12.38 11.37 0.0205  0.949 15.93 0.0016 0.928 
Au-
PVP 
P1 13.19 3.90 0.0143 0.231 13.16 0.0144 0.965 
P2 11.78 10.38 0.0465 0.858 12.97 0.0060 0.968 
P3 7.02 5.27 0.0319 0.931 7.63 0.0109 0.996 






3.6.2. Extraction of metal ions  
Separation of metal ions from water by liquid-liquid extraction is 
applied in various industries. Some of the extractants used for the removal of 
metal ions from aqueous solutions include ionic liquids,43, 44 small organic 
molecules, either in free form,45, 46 or immobilized on polymeric surfaces47, 48 
and functional polymers bearing ligands for metal complexation.49 In 
comparison to the solid-liquid extractions this method has the advantage of 
utilizing the larger surface area of the adsorbents for extractions and the 
process is proven to be useful in extracting several metal ions. In order to 
examine the extraction efficiencies of Pb(II) and Cr(VI) metal ions by polymer 
P1 – P4, we carried out liquid-liquid extractions, by dissolving polymers in 
chloroform (2 mg/mL) and shaking with aqueous solutions of metal ions (1.5 
mL, 50 ppm). The contact time for the extraction of the metal ions by the 
polyamines is a crucial parameter affecting the extraction efficiency of 
contaminants from waste water. In order to study the effect of time on the 
extractions, samples were drawn from the aqueous solutions at different time 
intervals (10, 30, 60, 120, 240 and 600 minutes) and were analyzed by ICP to 
determine the residual metal ion concentration. The plots of equilibrium 
concentration Qe (calculated from Eqn 1) versus time are shown in Figure 3.8. 
The extraction process reached a steady state within 2 hours in case of 
chromium ions, whereas it required more than 3 hours for lead ions. Similar to 
the extractions of nanoparticles, the maximum extraction efficiencies were 
shown by P1 (5 and 8 mg/g), while P4 showed the lowest efficiencies. 
 
Figure 3.8. Time dependent extraction studies for (A) lead and (B) chromium 





3.6.3. Extraction kinetics with metal ions 
 
Figure 3.9. Pseudo-second order kinetics for the extraction of (A) lead and (B) 
chromium ions by polyamines, P1 – P4. 
Table 3.2. Pseudo-first order and pseudo-second order constants and 

























P1 4.98 2.60 0.0101 0.043 5.33 0.0053 0.983 
P2 4.65 1.46 0.0055 0.254 4.69 0.0162 0.996 
P3 4.39 2.58 0.0043 0.197 4.75 0.0031 0.949 
P4 3.65 4.25 0.0222 0.781 4.32 0.0024 0.877 
Cr 
P1 7.99 1.49 0.0244 0.365 8.01 0.2137 0.999 
P2 8.91 3.84 0.0035 0.161 9.03 0.0041 0.983 
P3 5.04 2.00 0.0044 0.241 5.10 0.0096 0.991 
P4 2.58 3.13 0.0606 0.976 2.69 0.0355 0.984 
 
Both pseudo-first and pseudo-second order kinetics were studied for 
the extraction of metal ions and it was found that the extraction follows 




constants are calculated from the slope and intercept of the plots of t/Qt versus 
time. The fitting results and the calculated values of Qe, K and R2 are given in 
Table 3.2. All correlation coefficient values for metal ions were close to unity 
in the case of pseudo-second order model, suggesting that the adsorption of 
pollutants was the rate limiting step involving complexation of metal ions and 
the coordinating sites on the polymer backbone. The expression of pseudo-
second order model is based on the adsorption capacity and has the advantage 
of determining the rate constant and initial adsorption rate. Also this model 
provided a good correlation of the experimental adsorption data to the 
theoretically determined values. 
3.6.4. Extraction of dyes  
The extraction of anionic and neutral dyes by the polyamines is 
discussed below. All polyamines showed similar extraction efficiencies for 
both groups of dyes. The presence of protonated amine groups under neutral 
or slightly acidic conditions helps the extraction of anionic dyes more 
efficiently than the neutral ones (Figure 3.10).  
 
Figure 3.10. Time dependent extraction studies of neutral red (A) and brilliant 





Figure 3.11. Pseudo-second order kinetics for the extraction of (A) neutral red 
and (B) brilliant blue dyes by polyamines, P1 – P4.  
Table 3.3. Pseudo-first order and pseudo-second order constants and 
























P1 20.83 8.94 0.030 0.663 21.10 0.0119 0.999 
P2 34.00 18.11 0.053 0.942 34.29 0.0103 0.999 
P3 34.64 10.57 0.014 0.855 35.09 0.0056 0.999 
P4 34.45 11.32 0.009 0.487 34.67 0.0039 0.999 
NR 
P1 15.53 2.94 0.007 0.095 15.51 0.0158 0.998 
P2 15.91 1.59 0.001 0.063 15.29 -0.0649 0.999 
P3 18.71 2.71 0.002 0.135 16.75 -0.0374 0.999 
P4 18.11 5.10 0.007 0.546 18.00 0.0109 0.999 
Cationic dyes such as alcian blue were not extracted by the polyamines 
under neutral conditions. The distinctions between the adsorptions by P1− P3 
and P4 are not clearly evident as seen with metal ions and nanoparticles and 
also the adsorption of anionic dyes is higher than neutrally charged dye. This 




slight variations of alkyl chains in the extractants do not affect the extraction 
efficiencies. The kinetics studies indicated that all four polyamines followed 
pseudo-second order kinetics, as seen in the linear plots (Figure 3.11). The 
experimentally determined values of Qe match with those determined by the 
kinetic model (Table 3.3).  
3.7. Solid-liquid extraction of pollutants by polymer porous films  
The self-assembled porous films prepared by drop casting the 
chloroform solution of polymer on a glass plate were used for extracting the 
nanoparticles from water. In this solid-liquid extraction, the polymer film was 
placed in aqueous solution of nanoparticles (2 mL) and allowed to stand at 
room temperature for 3 h. After extraction, the polymer films were imaged 
using SEM and the micrographs are given in Figure 3.12.  
 
 
Figure 3.12. SEM images of porous film prepared by drop-casting chloroform 
solution of PAPTPA-b-PS (P1) and extracting Ag-Cit (A and B) and Au-Cit 
NPs (C and D) from water.  
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It is clear that the small white particles observed on the surface are 
metal nanoparticles extracted from solution. However, since only the surface 
functional groups interact with the hydrophilic nanoparticles in solution rather 
than the bulk polymer, the extraction efficiencies of solid films are expected to 
be lower. Porous nature of the films and ability to control the concentration of 
amine groups on the polymer backbone will help towards designing new 
polymers that would establish higher efficiency and selectivity.  
3.8. Conclusions  
In summary, four amine functionalized block copolymers, P1 – P4 
were synthesized by using RAFT polymerization followed by click reaction. 
The synthetic strategy employed here is versatile and can be used to prepare 
different polyamines in multi-gram scale quantities. All polyamines are stable 
under ambient conditions, soluble in common organic solvents and form 
porous films or spherical particles via drop casting on a glass slide.  Full 
details of extraction of metal nanoparticles, heavy metal ions and dyes from 
aqueous medium at moderate pH were demonstrated. The results from 
extractions studies revealed that polyamines, P1 – P4, were highly efficient in 
extracting emerging pollutants such as metal nanoparticles - Ag NPs, Au NPs, 
common dyes - brilliant blue, neutral red dyes and heavy metal ions like lead 
and chromium ions from water. Easy synthetic steps and good processability 
of these water insoluble polyamines makes them interesting candidates for 
other applications in the future.  
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AMINE MICROPARTICLES – SYNTHESIS AND 



















4.1. Introduction  
Reactive polymers with amine functional groups have been used in a 
number of biomedical applications such as drug carriers,1 biosensors,2 coating 
materials for antifouling applications3 and in electrochemical sensors.4 In 
addition, amine groups can serve as functionalization sites for covalently 
attaching bioactive molecules5 such as enzymes, peptides,6 proteins,7,8 and 
polysaccharides.9 Recently, a series of amine functionalized particles and 
microgels were prepared and characterized, starting from vinylamine 
monomers.10-13 Amine functionalized PGMA microparticles have been used 
for the synthesis of Au NPs,14 in the diagnosis of cancer cells,15 photocatalytic 
degradation studies,16 recognition of albumin17 and for environmental 
applications.18-20 
Owing to the increased scarcity of potable water around the world, 
numerous simple methods have been developed and tested in recent years for 
water purification.20-22 Pollutants such as heavy metal ions, dyes and metal 
nanoparticles in water induce adverse health effects on the ecosystem. Many 
recent studies have shown that both heavy metals23-25 and metal 
nanomaterials26-28 are toxic to living systems and it is essential to develop 
methodologies to eliminate them from water. 
In this study, synthesis and characterization of microparticles with 
primary and secondary amine groups on the surface are discussed and used 
them as potential adsorbents for the extraction of emerging pollutants such as 
metal nanoparticles from water (Figure 5.1). In addition, the microparticles 
were functionalized with PEI and were used to synthesize Au and Ag NPs on 
the surface and the catalytic activity of as-synthesized NPs was examined with 








Figure 4.1. Schematic representation of adsorption of nanoparticles on the 
surface of aminoparticles. 
4.2. Experimental 
4.2.1. Materials 
Glycidyl methacrylate (GMA), styrene, polyvinylpyrrolidone (PVP, 
Mw = 40 kDa), azobisisobutyronitrile (AIBN), ethylenediamine (EDA), 
hexamethylenediamine (HDA), p-xylylenediamine (XDA), n-butylamine (n-
BA), silver nitrate (AgNO3), potassium tetrachloroaurate trihydrate 
(KAuCl4·3H2O), trisodium citrate dihydrate and sodium borohydride (NaBH4) 
were purchased from Sigma Aldrich and used without further purification. 
Analytical grade ethanol was purchased from Fisher Scientific. Deionised 
water was used for all experiments. Stock solutions (1000 ppm) of Cr2O72- and 
Pb2+ ions were prepared using potassium dichromate (K2Cr2O7) and lead 
nitrate (Pb(NO3)2) salts. 
4.2.2. Characterization of aminoparticles 
FT-IR measurements were used to determine the functional groups on 
the microspheres and the spectra were recorded on a Bruker ALPHA FT-IR 
spectrophotometer with 4 cm-1 resolution in the spectral range of 500 - 4000 
cm-1 using KBr as the matrix. The polymer microspheres were dissolved in 
appropriate solvents for further characterization. 1H NMR spectrum of the 
precursor polymer (PGMA-co-PS) was recorded on Bruker Avance AV300 
(300 MHz) instrument using CDCl3 as solvent. Gel permeation 
chromatography (GPC) was performed on Waters e2695 alliance system 
equipped with Waters 2414 refractive index using THF as the eluent at a flow 
rate of 0.3 mL/min at 30 °C. Field emission scanning electron microscope 
(FE-SEM) images of the microspheres were recorded on a JEOL JSM-6701F 
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instrument. The quantitative measurements of nanoparticles during extraction 
experiments were performed using UV-Vis spectrophotometer (Shimadzu-
1601). The size of the nanoparticles was determined using a transmission 
electron microscope (TEM, JEOL JEM 2010). The concentration of metal ions 
was quantitatively measured with Dual-view Optima 5300 DV Inductively 
coupled plasma - optical emission spectroscopy (ICP-OES) system.  
The nitrogen content of the microspheres was determined using 
elemental analysis on Elementar Vario Micro Cube CHNS analyzer. 
Additionally, the concentration of amino groups on the microsphere surface 
was estimated by reported volumetric method.31,32 Briefly, microspheres (20 
mg) were added to dilute HCl solution (1 mM, 30 ml), sonicated for 30 mins 
and shaken on a mechanical stirrer at ambient temperature. After 10 h, the 
microspheres were separated by centrifugation and the aqueous fraction was 
titrated against a 1 mM NaOH solution using phenolphthalein as indicator. 
The amine content of the microspheres was calculated using the equation: 
Amine concentration (mmol/g) = (Co – Ce) x 30 / 0.02 Eqn (1) 
where, Co and Ce are the initial and steady state concentrations of HCl, 
respectively. 
4.2.3. Synthesis of PGMA-co-PS microspheres by dispersion 
polymerization 
Synthesis of PGMA-co-PS microspheres was carried out using typical 
batch dispersion polymerization procedure.31  GMA (3.20 g), styrene (0.80 g) 
and PVP (0.30 g) dissolved in 18 mL of ethanol was purged with nitrogen for 
30 minutes. AIBN (0.04 g) was added and the solution was heated to 75 °C 
and stirred for 20 h. After completion of the polymerization, as monitored by 
GPC analyses, the particles were centrifuged, washed with ethanol and water 
several times to remove excess PVP and unreacted monomers. The isolated 
particles were dried under vacuum and used for further reaction after 
characterization. 
4.2.4. Functionalization of microparticles with amines 
Amine groups were grafted onto the surface of PGMA-co-PS 
microspheres via ring opening reaction between amines and epoxy groups 
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(Scheme 4.1). Microspheres (0.5 g) were initially suspended in a 1:1 mixture 
of water and ethanol (10 mL). EDA (2 mL) was added to this dispersion and 
was stirred at 60 °C for 6 h. The amine substituted microparticles were 
centrifuged, washed several times with water, followed by ethanol and dried. 
Same procedure was followed for the synthesis of other amine derivatives 
using hexamethylenediamine (HDA), p-xylylenediamine (XDA), n-
butylamine (n-BA) and PEI. 
 
Scheme 4.1. General scheme showing the synthesis of amine functionalized 
microspheres. 
4.2.5. Synthesis of Ag and Au NP’s on the microparticle surface 
To a suspension of P-PEI particles (100 mg) in water (5 mL), an 
aqueous solution of AgNO3 (0.005M, 1 mL) was added. The resulting mixture 
was heated to 50 °C for 6 h, during which period the solution turned pale 
yellow. Particles were isolated by centrifuging at 8000 rpm and washing 
repeatedly with water to remove unreacted metal salts. Pale yellow colored P-
PEI@Ag particles obtained were dried and characterized. A similar procedure 
was followed for the synthesis of Au NP’s by reacting an aqueous solution of 
KAuCl4 (0.005M, 1 mL) with an suspension of amineparticles, P-PEI (100 
mg) in 5 mL water at room temperature for 8 h. P-PEI@Au particles were 
isolated as a reddish solids. 
4.2.6. Catalytic reduction of 4-nitrophenol 
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In a standard quartz cuvette with a 1 cm path length, an aqueous 
solution of 4-NP (1 mM, 200 l), water (2.5 mL) and aqueous NaBH4 solution 
(10 mM, 200 l) were taken. Then, addition and proper mixing of P-PEI@Ag 
or P-PEI@Au particles (1 mg) causes discoloration of the reaction mixture. 
The reaction progress was monitored by UV absorbance at regular intervals. 
4.3. Results and Discussion 
4.3.1. Characterization of microspheres 
In order to determine the constituents of the random copolymer formed 
by dispersion polymerization method, the NMR spectrum of PGMA-co-PS 
microparticles was analyzed in detail (Figure 4.2). The integral ratio of 
aromatic protons at (~ 7 ppm) to aliphatic –CH- (of GMA) at 4.3 ppm is 5:3 
which suggests a styrene to GMA ratio of 1:3. The other peaks in the aliphatic 
region match the polymeric structure. 
 
Figure 4.2. 1H NMR spectrum of PGMA-co-PS microsphere dissolved and 
recorded in chloroform at ambient conditions. 
GPC analysis of PGMA-co-PS polymers showed a number average 
molecular weight (Mn) of 39,000 with a broad PDI value of 2.45. These 
polymer microparticles with epoxide groups were used for surface 
functionalization with different amine substituents. Since the amine 
functionalized polymers were insoluble in common organic solvents, it was 
not possible to estimate the molecular weight by GPC. It is conceivable that 
the amine functionalization through nucleophilic attack on the epoxide ring 




Figure 4.3. FT-IR spectra of PGMA-co-PS in comparison with aminoparticles 
P1 – P4 on KBr matrix. 
In order to characterize the surface amination process, FT-IR analyses 
were compared with starting PGMA-co-PS polymer. A comparison of the FT-
IR spectra of precursor polymer PGMA-co-PS and amino polymers P1 – P4 
are shown in Figure 4.3. In the spectrum of PGMA-co-PS, the strong peak at 
1730 cm-1 corresponds to –C=O vibrations and the peaks at 1265 cm-1 and 995 
cm-1 are assigned to the symmetrical and asymmetrical stretching frequencies 
of the epoxy group, respectively. During the subsequent amination reactions, 
the peak at 995 cm-1 disappeared owing to opening of epoxy ring and a new 
broad peak at 3400 cm-1 appeared due to the formation of –OH and -NH 
groups. A peak due to C-N bond stretching was seen at 1152 cm-1. 
Aminoparticles prepared from all four diamines exhibited similar spectra 
owing to the similarities in the functional groups and polymer backbone.  
The quantity of amine groups in aminoparticles was determined using 
elemental analyses and volumetric methods (Table 4.1). The elemental 
analyses confirm the N-atom content in the order of P1 > P2 > P4 > P3 and the 
amine concentration on the surface of the microspheres measured by 





Table 4.1. Elemental analyses, calculated N-content and surface zeta potential 
values of aminoparticles. 





PGMA-co-PS 63.10 8.18 <0.5 -- -- 
P1 55.13 7.45 8.07 4.53 +35.6 
P2 60.02 7.92 5.74 4.04 +51.9 
P3 62.60 7.51 4.38 3.34 +60.6 
P4 62.37 8.41 4.25 2.69 +33.6 
(* As determined by volumetric method) 
4.3.2. Thermogravimetric analyses 
TGA curves for microparticles were recorded using a heating rate of 
10 °C/min (Figure 4.4). All particles exhibited similar TGA patterns with no 
significant weight loss below 200 °C under N2 atmosphere. The initial weight 
loss of 3-5% could be attributed to the loss of trapped moisture and solvents. 
The degradation occurred in a two-step process, one occurring between 200 to 
380 °C and the second stage between 450 to 550 °C. The first stage of 
degradation can be attributed to the loss of alkyl groups along with 
decomposition of amine groups and the latter due to decomposition of 
polymer backbone.  


























Figure 4.4. TGA traces for all aminoparticles recorded in N2 atmosphere. 
4.4. Extraction Studies 
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4.4.1. Extraction of metal nanoparticles from aqueous solutions 
Fully characterized aminoparticles were used for the extraction of 
citrate and PVP-stabilized Ag NPs and Au NPs from aqueous solutions. After 
extraction of the NPs from water, the aminoparticles were separated using 
centrifugation (5000 rpm). The aqueous supernatant solution was analyzed 
using UV-Vis spectroscopy to estimate the concentration of left over 
nanoparticles. The representative UV-Vis spectra of metal nanoparticles 
before and after extraction are shown in Figure 4.5. 
SEM was used for characterizing the morphology of the particles 
(Figure 4.6). The particles were mono-dispersed with an average diameter of 4 
µm. The inherent roughness and presence of multiple amino groups on the 
surface of the polymer particles facilitated the removal of metal NPs from 
aqueous solutions. The white spots observed on the surface of the 
aminoparticles after extraction in SEM micrographs (Figure 4.6) were 
confirmed to be metal nanoparticles using EDX measurements.  
 
Figure 4.5. Representative UV spectra of the aqueous solutions (A) Ag-PVP 
and (B) Au-PVP NP’s before (solid line) and after (dotted line) extraction 
using aminoparticles, P1. 
In order to establish the role of surface amine groups, extraction of 
NPs using precursor polymer particles with no amine functional groups on the 
surface was performed. A known volume of metal NPs was added to a 
suspension of PGMA-co-PS particles in water and stirred on a mechanical 
stirrer for 24 h. Polymer particles were separated by centrifugation at 5000 
rpm and the supernatant solution was analyzed using UV-Vis spectroscopy for 







Figure 4.6. SEM spectra of P1 before extraction (A and B) and after 
extraction of Ag-Cit (C and D) and Au-Cit NPs (E and F). Insets are the NP 
solutions before and after extraction of Ag-Cit (C) and Au-Cit NPs (E), 
respectively, and EDX spectra showing presence of NPs on the surface of 
aminoparticles. 
From the absorbance data, it is evident that the polymer particles did 
not extract metal NPs due to the absence of amine groups on the surface. 
Additionally, there is a possibility that NPs may separate out from the solution 






was less likely owing to the small size of NPs which require higher speeds (~ 
20,000 rpm) and longer time to separate from solution. This was further 
checked and confirmed by centrifuging the NPs solution alone at lower speeds 
(less than 10,000 rpm) when no residue was collected. 
4.4.2. Time dependent studies 
Figure 4.7 shows the extraction efficiency of microspheres for citrate 
and PVP-coated Ag NPs and Au NPs as a function of time. The steady state 
was reached within a period of 15 − 20 min in the case of all nanoparticles. It 
is conceivable that the amine groups on the surface of microsphere influence 
the extraction of various pollutants from aqueous solutions. For all metal 
nanoparticles, the extraction efficiencies of microspheres is in the order P1 > 
P2 > P3 > P4. This is attributed to the small changes in the side group, which 
leads to changes in hydrophobicity/hydrophilicity and differences in type and 
structure of amine functional groups.  
Figure 4.7. Effect of contact time on the adsorption efficiency of 
microparticles for the adsorption of (A) Ag-Cit, (B) Ag-PVP, (C) Au-Cit and 
(D) Au-PVP. (Nanoparticle concentration used in all cases is 2.5 X 10-4 M). 
It is evident from the data that the extraction of citrate capped metallic 





citrate capped Ag and Au NPs are more negative (−40.3 and −37.3 mV, 
respectively) than PVP capped NP’s (−22.9 and −21.4 mV, respectively) and 
hence are expected to interact strongly with positively charged amine 
functionalities on the surface of aminoparticles. The zeta potential of four 
aminoparticles are given in Table 4.1. The larger Qe values of 91.3 (Ag-Cit) 
and 110.9 mg/g (Au-Cit) obtained for P1 are higher than those reported in the 
literature for other common adsorbents.35,36  
4.4.3. Adsorption kinetics 
Figure 4.8. Pseudo-second order kinetics for the extraction of (A) Ag-Cit (B) 
Ag-PVP (C) Au-Cit and (D) Au-PVP using aminoparticles P1 - P4. 
Understanding the adsorption kinetics provide information on the 
adsorption mechanism. Pseudo-first order and pseudo-second order models are 
the widely used models for studying the adsorption processes. The extraction 
of metal nanoparticles by the aminoparticles did not follow the pseudo-first 
order kinetics. Hence the pseudo-second order model was used for data 
analysis.  
Figure 4.8 shows the graphs of pseudo-second order model for NP 





with time. The adsorption capacity, Qe and the rate constant K2 values were 
calculated from the slope and intercepts of the linear regression plots (Table 
4.2). The correlation coefficients in all cases are closer to unity (R2 ~ 0.99), 
which implies that the adsorption follows a pseudo-second order model. 
Table 4.2. Pseudo-second order constants and correlation coefficients for the 











  (g/mg min) 
Ag-Cit 
P1 91.27 92.34 0.00598 0.999 
P2 51.27 52.99 0.03331 0.999 
P3 51.97 52.08 0.04915 0.999 
P4 46.91 46.95 0.00782 0.997 
Ag-PVP 
P1 34.97 35.59 0.01222 0.997 
P2 28.72 28.82 0.02787 0.999 
P3 21.11 21.46 0.02241 0.998 
P4 20.46 20.58 0.01458 0.994 
Au-Cit 
P1 110.88 111.98 0.00309 0.997 
P2 85.25 84.75 0.01379 0.999 
P3 65.89 65.57 0.00630 0.994 
P4 73.66 65.36 0.00502 0.980 
Au-PVP 
P1 32.11 33.33 0.00789 0.996 
P2 13.90 13.99 0.10651 0.999 
P3 8.35 7.65 0.25496 0.997 
P4 9.88 10.00 0.05785 0.998 
 
4.4.4. Adsorption isotherms 
Isotherms define the adsorption capacity at different concentrations of 
adsorbates. Two of the commonly used classic isotherm models - Langmuir 
and Freundlich - were selected to study the equilibrium adsorption. 
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In Langmuir isotherm model, the adsorption takes place at specific 
sites of adsorbent to form a monolayer on the surface. The Langmuir equation 
is expressed as,37 
1/Qe = 1/Qm + 1/KLQmCe  (Eqn 4) 
where Ce is the initial adsorbate concentration (mg/L), Qe is the amount 
adsorbed at equilibrium (mg/g), Qm is the maximum adsorption capacity for 
the monolayer adsorption (mg/g) and KL is Langmuir adsorption constant 
(L/g) which is related to the affinity of the adsorbate on the binding sites. The 
values of Qm ad KL are calculated from the slopes and intercept values from 
the plots of 1/Qe versus 1/Ce.  
On the other hand, the Freundlich isotherm predicts that the adsorption 
is not restricted to monolayer formation and can be reversible. The linear form 
of Freundlich adsorption isotherm is given as,37 
Ln Qe = 1/n Ln Ce + Ln KF  (Eqn 5) 
where KF is the adsorption capacity at unit concentration and 1/n is the 
adsorption intensity explaining the strength of adsorption. The values can be 
calculated from the slopes and intercepts from the plots of Ln Qe versus Ln Ce. 
The magnitude of 1/n determines the favorability of the adsorption. 
4.4.4a. Langmuir isotherm 
Plots of 1/Qe vs 1/Ce for different nanoparticles (Figure 4.9) show a 
linear relationship suggesting the applicability of Langmuir model for data 
obtained for extraction studies. In addition, the favorability of the extractions 
can be predicted with a dimensionless constant, separation factor or 
equilibrium factor, given by the equation, 
RL =1/(1+ KL.C0)  (Eqn 6) 
where, C0 is the initial NP concentration (mg/L), 0 < RL < 1 indicates a 
favorable adsorption, while RL > 1 indicates unfavorable adsorption. RL = 1 





Figure 4.9. Langmuir isotherm plots for the adsorption of (A) Ag-Cit (B) Ag-
PVP (C) Au-Cit and (D) Au-PVP using aminoparticles P1 - P4. 
The Langmuir plots for the extraction of metal NPs by four 
aminoparticles are shown in Figure 4.9 and the corresponding Langmuir 
constants are depicted in Table 4.3. The correlation coefficients (R2) for all 
microspheres is > 0.90 and are higher in values compared to the Freundlich 
isotherms. In addition, the calculated separation factor (RL) values of 0.10 – 
0.54 (Ag-Cit), 0.11 – 0.65 (Ag-PVP), 0.65 – 0.93 (Au-Cit) and 0.58 – 0.71 
(Au-PVP) for initial NP concentrations of 5 – 50 ppm indicate a favorable 
adsorption as explained by Langmuir model. Also, the adsorption of metal 
NPs takes place at specific adsorption sites on the microsphere surface. 
4.4.4b. Freundlich isotherm model 
The extraction data were also analyzed using the Freundlich isotherm 
model, which can be applied for adsorptions on heterogeneous surfaces. The 
linear plots of these isotherms are shown in Figure 4.10 and the fitting 






Figure 4.10. Freundlich isotherm plots for the adsorption of (A) Ag-Cit (B) 
Ag-PVP (C) Au-Cit and (D) Au-PVP using aminoparticles P1 - P4. 
The correlation coefficient (R2) values are lower for the extraction of 
nanoparticles using all aminoparticles in comparison with the Langmuir 
model. Also, the 1/n > 1 values indicate an unfavorable interaction between 
aminoparticles and NPs. It can be inferred from the isotherm studies that most 
of the  adsorptions on metal NPs prefer a monolayer Langmuir adsorption over 
a multilayered Freundlich isotherms, since in the former case the R2 values are 
closer to unity and RL values are well within the favorable adsorption range (0 
< RL < 1), while in the latter case the values of 1/n fall beyond the favorable 
region (1/n > 1). 
4.4.5. Interactions between aminoparticles and metal NPs 
The surface charges on NP’s determine the efficiency of adsorption 
onto the adsorbent surface. Recent studies on the adsorption of metal NP’s on 
various adsorbents have demonstrated both the size and surface charges are 
critical in determining the efficiency of adsorption.38-41 A similar trend was 
observed in our extraction studies with metal NP’s. Higher surface charges on 





interactions between the oppositely charged NPs and aminoparticles. The 
observed low extraction efficiency for neutral PVP-coated NP’s as compared 
to the citrate capped NPs for the same aminoparticles also highlight the 
important role played by the electrostatic interaction in extraction process.
Table 4.3. Langmuir and Freundlich constants for the adsorption of NPs by 
different aminoparticles. 
NPs 












P1 0.13 0.3599 0.910 18.83 0.3688 0.772 
P2 0.06 0.5446 0.978 6.03 0.6357 0.979 
P3 0.40 0.174 0.930 11.45 0.3094 0.887 
P4 0.78 0.1018 0.909 4.83 0.5868 0.851 
Ag-
PVP 
P1 0.90 0.4476 0.976 42.95 0.2821 0.965 
P2 0.58 0.1165 0.909 27.71 0.2661 0.934 
P3 0.03 0.6508 0.991 0.61 1.6019 0.990 
P4 0.14 0.3477 0.904 11.60 0.5079 0.863 
Au-
Cit 
P1 0.006 0.8522 0.915 0.53 1.2200 0.933 
P2 0.006 0.8296 0.999 1.06 0.8983 0.997 
P3 0.169 0.6559 0.935 0.30 1.2790 0.916 
P4 0.002 0.9347 0.976 0.32 1.0796 0.952 
Au-
PVP 
P1 0.02 0.7153 0.969 1.09 1.1011 0.894 
P2 0.04 0.5824 0.925 1.38 0.6905 0.915 
P3 0.028 0.6648 0.991 0.09 1.7032 0.921 
P4 0.022 0.7178 0.948 0.95 1.0900 0.913 
 
4.4.6. Extraction of metal ions 
The extraction of metal ions in aqueous solutions were studied using 
Pb(II) and Cr(VI) ions. The interactions between the surface amine groups and 
metal ions in water are used for the removal of contaminants. A steady state 
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was reached within an hour as seen by the plots of extraction efficiency with 
time (Figure 4.11). 
This is expected owing to the fact that the polymer particles are 
incorporated with large number of amine groups on the surface. The highest 
Qe values for the adsorption of Cr(VI) and Pb(II) are 26.8 mg/g and 93.0 mg/g, 
respectively, by P2, which is closer to Qe values of P1 (Table 4.3). Other 
amine functionalized aminoparticles showed low extraction efficiencies due to 
low amine content (Table 4.1). 
4.4.7. Adsorption kinetics 
The extraction of metal ions from water is facilitated by the formation 
of metal-amine complexes. The extraction rate is high during the initial stages 
owing to easily accessible functional groups for coordination but becomes 
slower with time, especially after steady-state is reached and the outer surface 
of the adsorbent is saturated. 
 
Figure 4.11. Effect of contact time on the adsorption of (A) Cr2O72- and (B) 
Pb2+ ions by aminoparticles P1 – P4. 
The extraction kinetics were assessed by employing kinetic models 
which provide information on the mechanism. It is significant to determine the 
rate at which the adsorption is achieved when a metal ion is extracted by an 
adsorbent. The adsorption mechanism includes (a) the diffusion process 
through which the metal ions diffuse close to the adsorbent surface (b) the 
chemisorption process and (c) the intra-particle diffusion process.42  
Among the two widely used kinetic models namely, pseudo-first order 
and pseudo-second order model, we used the second order kinetics equations 




versus t correspond to linear graphs with correlation coefficients closer to 
unity (>0.98) for all four aminoparticles and follow pseudo-second order 
kinetics with respect to the adsorption of Pb(II) and Cr(VI) ions. The 
calculated Qe values showed good agreement with the experimentally 
determined numbers. The adsorption of Pb(II) shows extraction efficiencies of 
92.8 mg/g, 93.0 mg/g, 86.7 mg/g and 97.5 mg/g for P1 – P4  and the values 
are higher than those observed for Cr(VI) ions. The values of the pseudo-
second order rate constant, K2 for all four aminoparticles are summarized in 
Table 4.4.  
 
Figure 4.12. Pseudo-second order kinetics for the extraction of (A) chromium 
and (B) lead ions using aminoparticles P1 – P4. 
Table 4.4. Pseudo-second order constants and correlation coefficients for the 
















P1 27.50 26.70 0.12903 0.999 
P2 26.80 26.26 -0.02917 0.999 
P3 23.30 23.12 0.00746 0.999 
P4 17.68 17.67 0.01287 0.999 
Pb(II) 
P1 92.80 92.34 0.00231 0.999 
P2 93.00 93.81 0.00118 0.999 
P3 86.70 88.89 0.00028 0.988 





The second order kinetic model assumes that the rate-limiting step 
involves the chemical interaction between the adsorbent and metal ions 
leading to a bonding as strong as the covalent bonding.43 The extractions 
follow pseudo-second order, suggesting that the extraction process is very fast 
with the rate limiting step in these studies being the chemisorption through the 
interaction of electron rich N and O groups on the surface of adsorbents and 
electron deficient metal ions in aqueous solution.44 
4.4.8. Isotherm studies with chromium and lead ions 
Figure 4.13 shows the Langmuir and Freundlich isotherm plots for the 
extraction of chromium and lead ions with four aminoparticles and the fitting 
parameters from these isotherms are summarized in Table 4.5. On the basis of 
correlation coefficient (R2) values for the extraction of chromium ions, the 
Langmuir model gave values of > 0.98 for P1, P3 and P4 which are higher 
than those derived from the Freundlich model, thus demonstrating that the 
extraction of chromium is better explained by this model. In case of lead, the 
R2 values for both models are comparable.  
Figure 4.13. Langmuir (A and B) and Freundlich isotherm (C and D) plots for 





Based on the Langmuir model, the maximum adsorption capacities of 
Pb2+ on the surface of P1, P2 and P3 is calculated to be 98.0, 84.0 and 67.5 
mg/g, respectively. The higher values of the intercept, Kf, for the Pb(II) cation 
adsorption implies higher extraction capacities.45 In addition, the equilibrium 
factor (RL) is between 0 and 1 for both metal ions suggesting that the 
adsorption is favorable with all four aminoparticles.  
Table 4.5. Langmuir and Freundlich constants for the adsorption of chromium 





Langmuir Constants Freundlich Constants 





P1 0.0301 0.4410 0.981 2.029 0.9987 0.902 
P2 0.0502 0.3380 0.973 5.302 0.7157 0.987 
P3 0.0186 0.5450 0.996 3.166 0.7689 0.980 
P4 0.0139 0.6070 0.997 3.027 0.8374 0.992 
Pb 
P1 0.3792 0.1942 0.927 27.944 0.5099 0.907 
P2 0.4722 0.1673 0.932 27.107 0.4575 0.958 
P3 0.2067 0.7098 0.994 16.872 0.4027 0.988 
P4 0.1879 0.7263 0.945 4.163 0.4295 0.985 
In the Freundlich model, the 1/n values were all below 1 suggesting 
heterogeneous binding sites and also chemisorption on the surfaces.46 The 
overall results suggest that the extraction of metal ions by the amine 
functionalized polymer particles is favorable and effective. 
4.5. Synthesis of metal nanoparticles on the aminoparticle surface 
Amines are well-known to reduce metal salts and act as stabilizers for 
the as-synthesized nanoparticles.47,48 Owing to the universal presence of 
amines in biological and ecological systems, the synthesis of nanoparticles by 
amines is thus attractive and significant. Different amines including smaller 
molecules, amino acids as well as polymers have been employed as reductants 
in the synthesis of metal NPs. PEI is one such polyamine, containing a large 
number of primary, secondary and tertiary functionalities, that has been known 
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to reduce gold and silver salts in solutions.49-53 This concept was employed in 
synthesizing metal nanoparticles on the surface of amine particles without 
adding any external reductant or stabilizers.  
We evaluated the formation of nanoparticles on the surface of 
microspheres by reacting PEI modified particles with aqueous solutions of 
KAuCl4 and AgNO3 at 50 °C temperature for 6 h.  Initial attempts to reduce 
Au salts at room temperature required a period of 30 h, whereas the synthesis 
of Ag NP was not successful. Moderate heating at 50 °C produced NPs within 
6 h, in both cases, with a gradual change in color from white to yellow or 
purple-red suspensions. The isolated microparticles after the reactions were 
analyzed by SEM analysis. As seen in figure 4.13 (A and C), the images show 
the formation of Au and Ag NPs on the microparticle surface as white spots 
with sizes ranging from 30-50 nm. In order to further confirm the formation of 
NPs on the surface and also to explore the catalytic activity of the 
nanoparticles, the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) 
was carried out. 
4.6. Reduction of 4-nitrophenol 
The catalytic reduction of 4-NP by Au and Ag NP loaded 
microparticles was spectrophotometrically studied. The 4-nitrophenolate 
anions generated by the addition of alkaline NaBH4 solution have a 
characteristic absorbance at λmax 400 nm which imparts a yellow color to the 
solution. The reduction does not proceed in the absence of catalyst for 
hydrogenation.  
With the addition of catalytic amounts of Au and Ag NP loaded 
microparticles, the reduction occurs and the yellow color gradually disappears 
with the formation of 4-AP that absorbs at (λmax) 300 nm. Time dependent 
absorbance spectra show the gradual decrease in the intensity at 400 nm and 
appearance of a peak at 300 nm corresponding to 4-AP (Figure 4.15). In 
addition, the SEM images of the microparticles taken after the reduction 
reactions (Figure 4.14 B and D) show that the Au and Ag NPs are intact on the 




Figure 4.14. FESEM images of the P-PEI microspheres after synthesizing (A) 
Au NP and (B) Ag NPs with sizes of 30-50 nm on the surface. The images on 
the right (B and D) show the intact NP’s after reduction of p-nitrophenol. 
Insets are the magnified images of microparticle showing the formation of Au 
and Ag NP’s. 
Figure 4.15. Time dependent UV-absorbance spectra of reduction of 4-NP to 




(A)  P-PEI@Au (B) P-PEI@Au (after reduction) 




Polymer microspheres within the size range of 3 - 5 µm were prepared 
using copolymerization of GMA and styrene using a batch dispersion 
polymerization method. These microspheres were subsequently grafted with 
four different diamines. The aminoparticles obtained were used for the 
extraction of gold and silver nanoparticles as well as heavy metals such as 
Pb(II) and Cr(VI) ions from aqueous solutions. EDA substituted 
aminoparticles with high degree of amine loading were found to be efficient 
adsorbents with an extraction capacities of 91.27, 34.97, 110.88 and 32.11 
mg/g for Ag-Cit, Ag-PVP, Au-Cit and Au-PVP, respectively. Both P1 and P2 
showed highest adsorption towards Pb(II) and Cr(VI) ions, with extraction 
capacities close to 27 and 93 mg/g, respectively. All extraction experiments 
with metal NPs and metal ions followed pseudo-second order reaction 
kinetics, with the correlation coefficients closer to unity and the extractions 
followed the general order P1 > P2 > P3 > P4, proving that the adsorption 
capacities are proportionate to the amine loading on the adsorbent. In addition 
to the adsorption studies, the microparticles were functionalized with PEI and 
were conveniently used for the synthesis of Au and Ag NPs without the use of 
external reductants or stabilizers. The catalytic activity of the as prepared 
nanoparticles was demonstrated with catalytic hydrogenation of 4-nitrophenol. 
Both the Ag and Au NP functionalized microparticles catalyzed the reductions 
in a very short period of time.  
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Polymer thin films are employed in reverse osmosis membranes,1-3 
nanofiltration2,4 and in organic electronics.5 Polyamides, polyurethanes and 
polyureas (PU) are front-runners in the formation of thin film composites 
(TFC) due to their high mechanical and thermal stability, high flux and good 
selectivity or salt rejection properties.6,7 Different methods including 
molecular layer deposition (MLD),8-11 atomic layer deposition (ALD),12 layer 
by layer assembly (LbL),13-15 chemical vapour deposition (CVD)16 and spin 
coating techniques5 have been employed for the formation of ultrathin 
polymer films on different substrates. Although such practices are successful 
in producing ultrathin layers of polymers at molecular levels, they require 
specialized instrumentation and not suitable for preparation of large film, 
whereas spin coating technique is unsuitable for deposition of insoluble 
polymers. As an alternative to these methods, self-assembly and 
polymerizations at the oil-water interface have received extensive interest for 
the formation of thin films owing to the ease of synthesis and lesser number of 
steps involved.17-19 Interfacial polycondensation (IP) is an approach which 
involves dissolving the relevant precursor in organic solvents and reacting at 
the interface with an aqueous solution containing a crosslinker or 
reducing/oxidizing agents for polymerization.20 The fundamental aspects of IP 
have been discussed widely in literature.3,21-23 Apart from interfacial film 
formation, the polycondensation method is used in the synthesis of 
microcapsules (MC),24 bulk polymers,25 polymer nanocomposites26 and self-
healing materials.27 In contrast to the MC formation by IP, the interfacial film 
formation helps structuring the polymeric material at the interface by 
controlling chemical composition, concentration of monomers, pH and 
reaction time. Furthermore, no purification steps are necessary and the films 
can be easily transferred to a substrate. 
Polyureas (PU) are known to exhibit interesting mechanical, thermal 
and chemical stability, abrasion resistance, water repellency, high rate of 
healing and viscoelastic properties.28-30 PU films are prepared via 
condensation polymerization of nucleophilic polyamines and reactive 
diisocyanates to form urea linkages under different conditions.31-34 Recently, 
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microfluidic devices were used to produce monodispersed PU microcapsules 
with controlled thickness.35 In addition, theoretical modeling of 
microencapsulation process and the formation kinetics of PU shells are also 
reported.22,36-38 Furthermore, there are a few reports on the observation of PU 
film formed by IP between two immiscible liquids. PU film formation on the 
Teflon support in water-cyclohexane interface is known.21 Similarly, PU-
amide membranes were developed as porous membranes by IP for RO/UF 
applications.39 PU films at the interface of hexane and ionic liquid were 
synthesized with macroporous structures.40  
Herein, a synthesis of PU films at the oil-water interface and studies on 
their surface morphology is reported and the reactivity of surface functional 
groups is explored. Polyethyleneimine (PEI), diethylenetriamine (DETA) and 
tris(2-aminoethyl)amine (TREN) in aqueous solutions were reacted with 
HMDI partitioned in organic solvents (chloroform, carbon tetrachloride or 
toluene) to form PU films. While PEI was chosen as the polymeric reactant 
with higher amine density that can form highly branched structures by 
crosslinking, DETA and TREN were selected as smaller amine monomers 
which are expected to show different surface morphologies. The objective of 
these studies are as follows: (1) optimization of concentration for a 
processable PU film synthesis at the interface and to determine the 
performance of the film with varying monomer concentrations (2) assessment 
of the surface morphologies with PU films formed by polymeric reactant in 
comparison to smaller amine molecules (3) explore the reactivity of amine and 
urea functional groups on PU and (4) demonstrate its potential applications as 
reductants and stabilizers for metal nanoparticles and adsorbent for dyes. 
Interestingly, the films with DETA and TREN formed tubular protrusions on 
the film. The facile approach of film formation and the utilization of surface 































Hexamethylene diisocyanate (HMDI), diethylenetriamine (DETA), 
potassium gold(III) chloride (KAuCl4), 1-pyrenecarboxylic acid (1-PCA) and 
9-anthracenecarboxylic  acid (9-ACA) were obtained from Sigma Aldrich 
with high purity. Branched polyethylenimine (PEI), Mn = 60 k was obtained 
as a 50% aqueous solution from Sigma Aldrich. Tris(2-aminoethyl)amine 
(TREN) was purchased from Fluka Chemicals. All chemicals were of AR 
grade purity and were used without purification. AR grade toluene, carbon 
tetrachloride and chloroform were supplied by VWR Chemicals Singapore. 
Deionised water was used to dissolve amines in all experiments. Ethyl esters 
of 1-PCA (PCEt) and 9-ACA (ACEt) were synthesized via acid chloride 
formation using literature report.38  
5.2.2. Formation of polyurea thin film by reacting PEI with HMDI 
The PU films were prepared by taking solutions of reactants in two 
different immiscible solvents and allowing the reaction to take place at the 
liquid – liquid interface. In a typical experiment, to a solution of HMDI in 
CHCl3 (1 mg/mL, 0.006 mmol/mL, 10 mL) placed in a 25 mL beaker, aqueous 
solution of PEI (1 mg/mL, 0.016 mmol/mL, 10 mL) was added slowly and 
allowed the reaction to proceed at the interface at room temperature for 4 h. 




dropper. The exposed film was transferred onto a glass plate, rinsed with 
CHCl3, followed by water to remove residual starting materials and dried in 
open air for further characterization. Experiments were also carried out with 
aqueous PEI solution (1 mg/mL, 10 mL) and a solution (10 mL) of HMDI in 
CHCl3 with varying concentrations - 5 mg/mL (0.03 mmol/mL), 3 mg/mL 
(0.018 mmol/mL) and 0.5 mg/mL (0.003 mmol/mL). A control experiment 
was performed with HMDI in CHCl3 layer and water in the top layer. No film 
was formed after 12 hours in the absence of amines in the aqueous phase. 
 
Scheme 5.1. Reaction scheme showing the formation of PU thin film at the 
interface. 
To check the effect of organic solvents, the experiment was repeated 
by dissolving HMDI in toluene and reacting with aqueous solution of PEI as 
discussed above. The concentrations of HMDI was varied (0.003, 0.018, 0.03 
mmol/mL), while keeping PEI concentration at 1 mg/ml (0.016 mmol/mL). 
5.2.3. Preparation of films from TREN and DETA with HMDI 
Aqueous solution of DETA (10 mL, 5 mg/mL, 0.48 mmol) and a 
solution of HMDI (8.2 mg/mL, 0.48 mmol) in toluene (10 mL) were taken in a 
50 mL beaker. After 4 h, the film formed at the interface was transferred 
carefully on a glass plate, by taking either organic or aqueous sides of the film 
facing upwards. The film was subsequently washed with water, dried and 
taken for further characterizations. Similar PU films were formed by 
partitioning of 10 mL aqueous DETA solution (5 mg/mL, 0.48 mmol) and 
varying the HMDI concentrations in mole ratios – 16 mg/mL (0.96 mmol), 25 
mg/mL (1.44 mmol), 33 mg/mL (1.92 mmol) and 41 mg/mL (2.4 mmol). The 
film morphology and thickness were measured using FESEM analysis. 
Experiments were repeated with TREN and HMDI by taking aqueous TREN 
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solution (5 mg/mL, 0.34 mmol, 10 mL) and toluene solution (10 mL) 
containing HMDI (5.75 mg/mL, 0.34 mmol) in a beaker and isolated the film 
after 4 hours. 
Experiments were repeated with HMDI dissolved in CCl4 (Warning: 
Toxic chemical and must be used inside the fume hood) and DETA in aqueous 
solution (5 mg/mL, 0.48 mmol). In order to understand the effect of reactants, 
HMDI concentrations were varied in organic layer in a mole ratio from 1 to 5. 
The thickness of the films obtained in each case was measured using FESEM 
analysis. 
5.2.4. Synthesis of Au nanoparticle composite with PU film 
PEI – HMDI film was formed at the CHCl3/water interface in a beaker 
with 1 mg/mL reactants as explained above. Aqueous layer with PEI was 
removed using a glass dropper and replaced with water (10 mL). The aqueous 
layer was pipetted out again without damaging the film and replaced with 
water. The process was repeated until the solution attains pH in the range of 6-
7 to remove traces of PEI. Aqueous solution of KAuCl4 (10 mL, 0.005 M, 
0.025 mmol) was added on top of the film and the film and aqueous solutions 
turned purple red after 15 h. The film was carefully isolated on quartz plates or 
glass slides, washed with water to remove residual gold salts, dried and 
characterized with UV-Vis, SEM and TEM for the formation of gold 
nanoparticles.  
5.2.5. Adsorption experiment with fluorescent dyes 
9-ACA and 1-PCA were chosen as fluorescent dyes on account of their 
proton donating carboxylic acids groups. PU film was formed at the CHCl3 
and water interface with PEI and HMDI as explained above. 9-ACA (3 mg, 13 
µmol) in CHCl3 (3 mL) was injected slowly to the organic layer and was 
allowed to react with film for 1-5 h. The film was isolated after each hour on a 
quartz plate, dried and washed once with CHCl3 to wash off excess dyes. The 
emission of dyes was recorded on UV spectrofluorometer after depositing the 
film on a quartz plate. . Same procedures were repeated with other dyes by the 
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addition of 1-PCA (3 mg, 12 µmol) and the ethyl ester derivatives of 9-ACA 
(3 mg, 12 µmol) and 1-PCA (3 mg, 11 µmol). 
5.2.6. Studies on the permeability across the film membrane 
To analyze the permeability of the PU film, phenolphthalein was 
chosen as a dye which is a well-known indicator used in acid-base titration. In 
acidic or neutral media, it exists in lactone form and is colorless, whereas in 
basic medium (pH > 8.2), it forms phenolate anions, turning the solution pink. 
In these experiments, phenolphthalein in the organic layer slowly diffused to 
the aqueous phase through the PEI/HMDI PU membrane at the interface. As it 
diffuses through the membrane due to the concentration gradient, it forms 
phenolate ions in alkaline PEI solution, giving a pink coloration. The rate of 
permeation of molecules depends on the thickness and porosity of the film. In 
a typical procedure, a solution of phenolphthalein (3 mg, 9 µmol) in CHCl3 (3 
mL) was injected to the organic layer slowly. An equal volume of CHCl3 
fraction was syringed out simultaneously to avoid any rupture or damage in 
the film during the addition of dye. The experiment was repeated with 
different PEI/HMDI films formed with 1 mg/mL concentrations each of with 
average thickness of 80 nm, 200 nm and 290 nm. The aqueous solution was 
analyzed by recording the spectra on UV-Vis spectrophotometer to compare 
the concentration of phenolphthalein transported across the membrane during 
specific intervals. 
5.2.7. Characterization methods 
The PU films obtained were analyzed and characterized using different 
techniques. FT-IR spectroscopy was performed on Bruker ALPHA FT-IR 
spectrophotometer in the spectral range of 500 - 4000 cm-1. The film was dried 
prior to the analysis and IR spectra were recorded using KBr matrix. Surface 
morphologies and film thickness were determined using Field emission 
scanning electron microscope (FESEM) on a JEOL JSM-6701F instrument at 
5 kV after coating the films with platinum. Transmission electron microscopy 
(TEM, JEOL JEM 2010) was used to confirm the formation and size of Au 
NPs on the film surface. Atomic force microscopy (AFM) was performed 
using Agilent AFM with Pico plus molecular imaging system in non-contact 
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tapping mode.X-Ray diffraction (XRD) was recorded using Bruker – AXS: 
D8 DISCOVER with GADDS Powder X-ray diffractometer with Cu-Ka (λ = 
1.54 Å) at 40 kV and 40 mA within a range of 5° to 40° with a step size of 1°. 
The film was dried at 70 °C for 24 h and powdered well before recording 
XRD pattern. The elemental analyses were carried out on Elementar Vario 
Micro Cube CHNS analyzer. Thermogravimetric analyses (TGA) were 
conducted using a SDT 2960 TA instrument. All samples were heated under 
nitrogen atmosphere from 25 to 800 °C using a heating rate of 10 °C/min. The 
UV-Vis and emission spectra of the dye adsorbed films were measured on 
UV-1601PC Shimadzu spectrophotometer and RF-5301PC Shimadzu 
spectro uorophotometers, respectively. 
5.3. Results and Discussion 
5.3.1. Formation of thin film at the interface 
Interfacial polymerization (IP) offers prospect of structuring film at the 
interface with preferred thickness and dimensions. The film isolated by the 
condensation of polyamine with diisocyanate is stable, free-standing and the 
transparency varied with the film thickness (Figure 5.1). IP is affected by 
concentration of the reactants, partition coefficients of monomers in two 
immiscible liquids, time of reaction and diffusion of monomers through the 
membrane. The rate of formation of PEI/HMDI film was examined by 
determining film thickness using SEM analysis after varying the 
concentrations of reactants at constant time. The effect of solvents on the 
thickness of the films was measured by preparing films in two different 
solvent mixtures – CHCl3/water and water/toluene. Figure 5.2 shows the plot 
showing variation in film thickness in 4 hours with change in concentration of 
one of the reactants (HMDI) and the effect of solvents. When chloroform was 
used as the organic solvent, the thickness increased linearly with increasing 
molar concentrations of HMDI. The increase in the film thickness is not 
significant when toluene was used as the organic solvent. Because of the lower 
solubility of the amines in toluene they do not diffuse strongly through the 




Figure 5.1. (A) Thin film at the interface and (B) free-standing DETA/HMDI film 
after drying (C) FESEM image of solid PU prepared by solution phase reaction of 
amine (DETA) and diisocyanate (HMDI) in THF.  
The reaction of DETA and TREN with HMDI was performed at the 
toluene/water and CCl4/water interfaces. The formation of thin film with 
DETA and TREN with HMDI was faster compared to PEI film because of the 
higher diffusion rate of smaller amine molecules compared to polymeric PEI 
through the membrane. Similar to the experiment with PEI/HMDI, the effect 
of mole ratio of amine to diisocyanate was deduced by varying HMDI 
concentrations and measuring the average thickness of the film using FESEM.  
 
Figure 5.2. Effect of monomer ratio on the film thickness. (A) PEI/HMDI 
film in CHCl3 and toluene (PEI conc. of 1 mg/ml and HMDI concentration 
varied from 0.5 to 5 mg/ml) (B) DETA/HMDI film in CCl4 and toluene 
(DETA concentration is 5 mg/ml and mole ratio (R) of HMDI to DETA varied 
from 1 to 5). 
In Figure 5.2B, the plot showing film thickness versus mole ratio (R) 
demonstrates that the change in molar ratio of the monomers influenced the 
film growth. In addition, the polarity of the solvents also influences the film 
performance. Wagh et al reported that the organic solvent used for HMDI 
influenced the kinetics of film formation with the reaction rate changing in the 
order cyclohexane > carbon tetrachloride > toluene.42 A similar trend was 




observed in terms of film thickness, when CHCl3 (or CCl4) and toluene were 
used as organic solvents. The thickness remained constant in toluene, whereas 
in CHCl3 and CCl4 the thickness increased almost linearly with increasing 
mole ratio.  
5.3.2. Surface morphologies 
The surface morphology of the film gives some information on the 
film growth.21,43,44 Films formed from the reaction of three different amines 
with HMDI showed a few interesting surface morphologies. For comparison 
of the morphologies of bulk polymer, PU was synthesized using dropwise 
addition of a solution of HMDI (500 mg, 2.97 mmol) in THF (5 mL) to an 
equimolar solution of DETA (300 mg, 2.97 mmol) in THF (5 mL). The solid 
formed was washed with THF and dried. The surface morphology of this bulk 
polymer is shown in Figure 5.1(C) and is found to be different to that of the 
films obtained from the IP. The SEM images of the PU film formed with 
PEI/HMDI at a concentrations of 1 mg/mL at CHCl3/H2O interface are shown 
in Figure 5.3 (A and B). Film surface facing the organic solvent (Figure 5.3A) 
is relatively flat and smooth as compared to the porous network like formation 
at the aqueous side. This implies that the reaction and growth happens at the 
aqueous side of the film. 
The films obtained by DETA and TREN with HMDI showed 
completely different morphologies than that obtained with PEI. On a relatively 
smoother surface at the organic phase, varying amounts of ring-like and 
spherical structures with sizes varying from nanometers to micrometers (0.5 – 
2 m) were observed (Figure 5.3C for DETA film). Interestingly, the aqueous 
side of the film showed holes or cavities with diameters comparable to the 
ring like structures at the organic side (Figure 5.3D). In addition to the SEM 
analyses, AFM topology height images (Figure 5.4) were employed to 
visualize surface morphologies and measure surface roughness and are found 
to be in concordance with SEM images. Hard domains in AFM height images 
appear as bright spots whereas the soft domains exhibit darker areas. PEI/
HMDI film has a rough morphology with a height profile of 50–60 nm, 
whereas the DETA film showed spherical growth emanating from a relatively 
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smoother surface with an average height of 500 – 1500 nm in the organic layer 
(Figure 5.4B)  and holes or cavities at the aqueous side of the film (Figure 
5.4C)   
Figure 5.3. FESEM micrographs of PU films with PEI/HMDI at CHCl3/H2O 
interface at a concentration of 1 mg/mL each (A-B), DETA/HMDI (C-D) and 
TREN/HMDI (E-F) at toluene/H2O interface at a mole ratio of 1. While both organic 
and aqueous sides of PEI film (A,B) show rough surface, the organic sides of DETA 
and TREN film (C,E) show ring-like and spherical assemblies and the aqueous faces 
(D,F) clearly show holes of different dimensions. Insets show magnified images.  
The growth of the is due to the diffusion of amine reactants through the 
initially formed film and the formation of ring like structures can be attributed 
to the excessive diffusion of amines through the interstitial regions of the film, 
which are formed during the initial crosslinking reactions. Diffusion of amines 
to the organic layer occurs due to its partial solubility in the organic layer. 
Hole
(A) Organic side (B) Aqueous side 
(C) Organic side 
(E) Organic side 
(D) Aqueous side 




Since the diisocyanates are insoluble in water, no spherical growth was 
observed on the aqueous side. As soon as the amine comes in contact with the 
isocyanates at the organic layer, polymerization occurs forming ring like 
walls. Since no isocyanates are available within the inner region, no 
polymerization takes place resulting in the cavities. The mathematical models 
developed by Ji et al45 and Karode et al46 based on IP of polyamide films 
consider the basic assumptions that the water soluble amines diffuse through 
the membrane to react with monomers in the organic phase and the rate of the 
process is limited by diffusion. 
The thin film was formed in different steps47 and the initial 
condensation of reactive amines with isocyanates is assumed to be the fastest 
process. Further polymerization by crosslinking reduces the rate of film 
formation depending upon the permeability of the initial film. The final step is 
the diffusion-controlled process which is also a self-limiting process, where 
the diffusion of the monomers occurs until they are completely consumed by 
other reactants or reactive functional groups on the film.  
   PEI-Organic side      DETA-Organic side      DETA-Aqueous side 
  (RMS = 43.76)   (RMS = 0.222)   (RMS=5.05) 
Figure 5.4. AFM tapping mode images of (A) organic side of PEI/HMDI film at 
CHCl3/H2O interface; (B) organic side of DETA/HMDI film and (C) aqueous side of 
DETA/HMDI film at toluene/H2O interface. Insets show height profiles along the 
points a→b.  Figures below (D,E,F) show 3D views of corresponding AFM 
micrographs (A,B,C). 
C B A 
E F G 
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Figure 5.5. FESEM images of DETA/HMDI film at the (A) organic and (B) 
aqueous sides after 24 h. While the organic face shows prominent tubular 
structures, the aqueous face has larger cavities. 
The surface morphologies observed for one of the amines, DETA at 
different time verify this process (See Figure 5.6). In the initial steps the 
monomers react at the interface, forming oligomers, which crosslink with 
other reactants or oligomers to form a film. A thin layer of film was formed 
within 10 minutes and the node-like structures protrude towards organic side 
suggesting film growth in the organic phase. Formation of fibrous structures 
were noticed towards the end of 15 minutes along with nodes at the junctions. 
In the end prominent ring-like structures form all over the surface. In order to 
perceive diffusion process further, the film formation was prolonged for 24 h.  
Interestingly, long tubular structures with lengths of a few micrometers 
were observed (Figure 5.5) and in contrast, the aqueous side of the film 
showed larger cavities. Such tubular structures were not formed with 
PEI/HMDI film even after longer duration of 24 h. In these experiments the 
reactions of smaller molecules - DETA and TREN are being compared with 
molar mass of 103.2 g/mol and 146.2 g/mol with a polymer having an average 
molecular weight of 60,000 Da with branched structure and multiple amine 
groups. The initial crosslinking reaction of a branched polymer with 
diisocyanate would result in an extensive network like structure. Any diffusing 
PEI molecules are crosslinked with reactive isocyanate groups, thus 
preventing any tubule or ring formations. Moreover, the solubility of PEI 
molecules in organic solvents is small. Smaller amines, in contrast, are 




Figure 5.6. FESEM images of the DETA-HMDI polyurea film at different time 
intervals. Insets show magnified images. 
5.3.3. Diffusion of organic molecules across the film 
To demonstrate the diffusion of molecules through the film, an 
experiment was carried out with a pH indicator, phenolphthalein. In a blank 
experiment without a film at the interface, phenolphthalein diffuses to aqueous 
layer within 1-2 minutes of its addition to organic layer. With a PU film of 80 
nm average thickness, the transport of phenolphthalein towards alkaline 
aqueous solution starts to occur within 2 minutes and gradually the pink color 
intensifies with time (Figure 5.7).  
As the film thickness increased further to 200 ~ 290 nm, the diffusion 
rate was reduced beyond 15 – 30 minutes to form pink color as shown in the 
figure. Change in phenolphthalein concentrations were quantified with UV-
Vis spectroscopy, by plotting the absorbance of aqueous layer at λmax = 556 
nm Vs time (Figure 5.7). As expected, increase in thickness of the film 
reduces the permeation of organic molecules. PU film can function as a 
transport membrane for organic molecules and the diffusion can be modulated 
with variation in film thickness. Increasing the film thickness would reduce its 






Figure 5.7. Changes in the concentration of phenolphthalein diffused on 
increasing film thickness. (A) Absorbance of aqueous layer at 556 nm 
corresponding with varying film thickness is plotted against time. UV-Vis 
spectra of aqueous layers containing phenolphthalein diffused through PU 
films with average thickness of 80, 200 and 290 nm are shown in B, C and D, 
respectively. Images on top right show diffusion of phenolphthalein at 
different time intervals.  
5.3.4. FTIR analysis 
Figure 5.8 shows the FTIR spectra of the PU films in comparison with 
HMDI. The peak at 3421 cm-1 corresponds to hydrogen bonded N-H 
stretching. The –NCO peak of HMDI at 2287 cm-1 was absent in PU films. 
Peaks at 2923 and 2853 cm-1 correspond to the –CH  stretching vibrations of 
aliphatic chains. The formation of amide bonds is confirmed by strong 
stretching vibration at 1633 cm-1 of C=O bonds and 1560 cm-1 of amide II 
peak, mainly from in-plane N-H bending.  
A 
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Figure 5.8. FTIR spectra of 3 PU films in comparison with HMDI. 
5.3.5. XRD analysis 
X-Ray diffraction (XRD) studies are indicative of the amorphous 
nature of polyurea obtained as thin film (Figure 5.9A). Yadav et al36 suggested 
that formation of crystalline domains in polymers is influenced by the 
preparation conditions of the polymer. In particular, a high rate of 
polymerization would lead to a lower degree of crystallinity, as the polymer 
grows faster than the chains can arrange themselves in crystalline order.37 In 
the interface between two liquids a larger surface is exposed resulting in an 
instantaneous polymer film formation, which prevents the formation of any 
crystalline domains. 
5.3.6. Thermogravimetric analysis 
Figure 5.9(B) shows the thermal degradation curves of the PU samples, 
which offer an evidence for the difference of the films formed with polymeric 
PEI versus aliphatic amines. The initial weight loss at 100 °C in all three films 
is due to loss of solvent molecules trapped within the films. The degradation 
of DETA-HMDI and TREN-HMDI follow similar pattern owing to analogous 
chemical structures and show sharp degradation at a temperature of 320 – 330 
°C, whereas PEI-HMDI start to degrade from 280 °C, but do not show a 
steady decline as other polymers. While the early degradation can be attributed 
to the unreacted pendant alkyl groups of branched PEI, the additional thermal 
stability of the polymeric film above 400 °C is due to excessive crosslinking 




Figure 5.9. (A) XRD and (B) TGA analyses of the polyurea films formed with 
3 polyamines with HMDI. 
5.3.7. Formation of Au nanoparticles on the film 
Amines have been explored as reducing agents and as stabilizers for 
the synthesis of gold nanoparticles.48,49 The role of amines as reducing agents 
for NPs is attractive because of their universal presence in the environment 
and biological system. A number of amines and their derivatives including 
amino acids, primary amines and polymers have been employed as reductants. 
PEI comprises of primary, secondary and tertiary amine functional groups and 
widely studied for synthesizing gold and silver nanoparticles.50-54 
The interaction of PU film with metal salt solutions was studied. 
Although the bulk of PEI is crosslinked with diisocyanate to form urea 
linkages, it is conceivable that some free amine chains on the surface are 
available for metal coordination and reduction. Washing of the film several 
times with water eliminated the presence of unreacted PEI and confirmed with 
pH determination of the washings. Over a period of 15 h, a purple red color 
started to form around the film surface that spread gradually to the aqueous 
layer. An optical image of the film showing purple red color is shown (Figure 
5.10).  
Figure 5.10 (A and B) shows the SEM and TEM analyses of the film 
loaded with gold nanoparticles. Au NP are seen as white spots in SEM image. 
The average size of the nanoparticle was 15  6 nm as determined by TEM 
analysis and the formation of NPs was further confirmed by EDX analysis.  
UV-Vis spectra of the film and the solutions were recorded (Figure 5.10C). 




absorption peak with λmax = 526 nm, while the film showed a broad peak 
centered at λmax = 535 nm. The red shift of SPR peak on the film is attributed 
to the larger size of particles, which in turn depends on the PEI concentration 
on the surface. In general, lower the concentration of reductants results in 
larger particle size.51,55 Consequently, lower availability of PEI on the surface 
causes an increase in the size of Au NPs.  
Figure 5.10. (A) FESEM, (B) TEM images and (C) UV-Vis spectra of PU 
film and solution after the formation of Au NP. The insets show (A) magnified 
SEM image (B) EDX spectra and (C) Au NP solution. 
5.3.8. Adsorption of fluorescent dyes via hydrogen bonding 
The inter-molecular hydrogen bonding contributes significantly to the 
3-dimensional structure of the polymers. The availability of a large number of 
urea linkages in polyurea films provide hydrogen bonding sites. In order to 
demonstrate adsorption capacities via hydrogen bonding, two fluorescent dyes 
with pendant carboxylic acid groups were selected and used corresponding 
ester derivatives as controls. While 9-ACA shows emission bands located at 





382 and 402 nm with an intense broad peak centered at 450 nm (λex = 340 
nm).  
The emission spectra of the dyes adsorbed on thin films at different 
time intervals is shown in Fig 5.11. Films that adsorbed the carboxylic acids 
show higher emission intensities than the films with esters. This provides an 
indirect evidence for the hydrogen bonding between carboxylic acid and urea 
groups. FTIR analysis further confirms the adsorption of 1-PCA and 9-ACA 
on the film (Fig 5.11). The C=O stretching peaks corresponding to 9-ACA and 
1-PCA are observed at 1681 and 1677 cm-1, respectively and the carbonyl 
stretching of urea bonds at 1633 cm-1. However no shift in the C=O stretching 
and NH-bending frequencies as would be expected due to hydrogen bonding 
were observed. Since only the surface urea bonds are involved in hydrogen 
bonding with dyes compared to the bulk of the polyurea film, such a shift in 
peaks may not be significant. 

Figure 5.11. Fluorescence emission of PU thin after adsorption of (A) 9-ACA 





and (D) are the FTIR spectra of PU thin after adsorption of 9-ACA and 1-
PCA, respectively. 
5.4. Conclusion 
A convenient method for the synthesis of PU thin films at the liquid-
liquid interface using amines and diisocyanates was discussed. Thin films 
formed using PEI exhibited significant morphological differences as compared 
to smaller amine molecules (DETA and TREN). Effect of monomer 
concentration on the film thickness was demonstrated with different mole ratio 
(R) and solvent systems. Both the nature of solvent and molar concentrations 
of reactants determined the film performance. Moreover, PU films of DETA 
and TREN with HMDI showed interesting morphologies at longer reaction 
periods due to the diffusion of amines. The diffusion process was 
demonstrated with the permeability of organic dye from organic to aqueous 
medium with varying film thickness. To demonstrate the reactivity of surface 
amine functionalities on the film, synthesis of Au NPs was successfully 
carried out without the use of external reductants. Similarly, the surface urea 
groups were shown to exhibit adsorption properties to organic dyes, 9-ACA 
and 1-PCA, through hydrogen bonding. This easy and convenient method of 
film formation can be utilized for functionalization of different metal ions, 
nanoparticles and dyes for potential adsorption experiments. In addition, by 
tuning the film thickness, it is possible to use it as a transport membrane for 
various organic molecules. 
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SYNTHESIS AND CHARACTERIZATIONS OF ARYL-














Main chain aromatic-aliphatic flexible-coil polyester have been a 
subject of intensive research over the past decades owing to their interesting 
properties as liquid crystalline materials and unique self-assembling 
characteristics.1-4 Many of the aromatic-aliphatic polyesters are known to 
exhibit liquid crystalline (LC) properties and the research on these LC 
polyesters is extensive due to their ability to maintain anisotropy either over a 
temperature range (thermotropic)5, 6 or with the addition of specific solvents 
(lyotropic).7 The unique LC property in these polyesters arises from the 
rigidity in the polymer backbone that form symmetric rigid sequences called 
mesogens.8 The other aspect of rigid-rod flexible-coil polyesters that makes 
them interesting is their self-assembling properties.  
Poly(alkyl-4,4’-biphenyldicarboxylates) (BB-n, n is the number of 
methylene units) and their analogues have been investigated for their scientific 
interest.9 The chemical structure of these polyesters is an alternating 
arrangement of rigid biphenyl rods as the mesogenic units and alkanediols as 
the flexible coils. Polyesters of 4,4’-bibenzoate and aliphatic diols longer than 
2 carbon atoms are known to be thermotropic LC polymers with relatively low 
transition temperatures.10, 11 Consequently, BB-n polymers with n = 3  9 
exhibit two transitions in DSC thermograms.12 While the polyesters BB-4 and 
BB-6 show typical smectic A (SA) structure, BB-5 takes a smectic CA (SCA) 
phase.13, 14 In general, linear spacers with an even number of methylene units 
show SA phases, while those with odd spacers show SCA mesophase.15 
Connecting the aromatic units in polyesters with lateral branching 
introduces molecular ‘kinks’ in the structure that affects the overall properties 
including thermal, mechanical as well as liquid crystalline properties. Various 
molecular kinks have been introduced in linear polyesters and their effects on 
polymer properties have been studied by different researchers. For example, 
isophthalates and naphthalates were introduced in polyesters such as 
poly(ethylene-4,4’-bibenzoates)16-18 and bis-3,5,-(2-hydroxyethoxy)benzoate 
or 3,5-dihydroxybenzoates were introduced in PET to disrupt the linearity in 
the linear polymers.19, 20 It was shown that introduction of 30% of isophthalate 
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units in poly(4,4’-bibenzoate) derivatives caused the polymer to be 
amorphous, due to disruption in crystalline packing and decrease in 
mesophase stability.17 Similarly poly(ethylene isophthalate), a completely 
non-linear structure was synthesized by Kotek et al which completely lacked 
crystallinity and remained largely amorphous, showing a lower gas 
permeability than PET. 21 
Although the molecular kinks in a polyester chain in certain ratios are 
well known to disrupt the properties of the polymer, it would be of scientific 
interest to design a system containing long aromatic core with molecular kinks 
in polymeric architectures and study their structural properties in contrast to 
their linear counterparts. In addition to thermal and optical properties these 
polymers may demonstrate interesting self-assembling properties due to 
alternating rigid-rod and flexible-coil structures. Hence, 2 series of polyesters 
were synthesized each with rigid biphenyl and quaterphenyl cores 
polycondensed with long alkyl diols via ortho (2,2’) linkages. In the first 
series, biphenyl 2,2’-dicarboxylic ester was reacted with 3 different diols with 
C-5, C-8 and diethylene glycol (DEG) alkyl chains. The second series 
consisted of polyesters synthesized by condensing quaterphenyl 2,2’’’’- 
dicarboxylic ester with DEG and hexaethylene glycol (HEG) spacers. 
Ethylene glycols were chosen in order to introduce hydrophilicity in the alkyl 
chains and the polyester formed would be an alternating copolymer with 
amphiphilic functional groups and hence would contribute to the 
morphologies of the resulting polymers. Figure 6.1 shows a general structure 
of the polyesters and graphical representation of their polymeric structures. 
 
Figure 6.1. General structure of the polyester and graphical representation of 






2,2’-Biphenyldicarboxylic acid dimethyl ester, 1,5-pentanediol, 1,8-
octanediol, titanium(IV) isopropoxide, diethylene glycol (DEG), hexaethylene 
glycol (HEG), 4,4’-dibromobiphenyl, 2-iodobenzoic acid, 
bis(pinacolato)diboron, potassium phosphate, Pd(dppf)Cl2 and aliquat 336 
were purchased from Sigma Aldrich. Analytical grade ethanol (Fisher 
Scientific), chloroform (CHCl3, Fisher Chemical), tetrahydrofuran (THF, 
BDH Prolabo chemicals), methanol (VWR chemicals) were used for 
dissolving polymers. 
6.2.2. Synthesis of poly(pentamethylene-2,2’-bibenzoate), 3a 
Dimethyl ester of 2,2’-biphenyl dicarboxylic acid (500 mg, 1.85 
mmol), along with 1,5-pentanediol (289 mg, 2.775 mmol) and catalytic 
amount of Ti(OPri)4 (5 mg, 0.018 mmol) was taken in a 25 mL 2-necked RB 
flask connected to a distillation setup. The mixture was heated to melt with N2 
purging for 30 min and stirred to ensure complete homogenization. 
Subsequently, the mixture was heated to 180 °C for 3 h under N2 atmosphere. 
In the second stage, heating was raised to 230 °C and the polymerization was 
continued for 15 h under N2 followed by 3 h heating under reduced pressure. 
After polymerization, the mixture was cooled and the contents were dissolved 
in CHCl3 and precipitated in MeOH to obtain a black gum. Yield: 300 mg. 1H 
NMR (CDCl3, 300 MHz, ppm): δ 7.97 (d, 2H, 3,3’-ArH), 7.48 (t, 2H, 5,5’-
ArH), 7.38 (t, 2H, 4,4’-ArH), 7.16 (d, 2H, 6,6’-ArH), 3.90 (b, 4H, O CH2 ), 
1.22 (b, 4H, CH2 ), 0.86 (b, 2H, CH2 ). Mn = 9200, PDI=1.4. 
6.2.3. Synthesis of poly(octamethylene-2,2’-bibenzoate), 3b 
The reaction was carried out with biphenyl-2,2’- dicarboxylic acid and 
1,8-octanediol using conc. H2SO4 as an acid catalyst. A mixture of biphenyl-
2,2-dicarboxylic acid (1 g, 4 mmol) and 1,8-octanediol (0.60 g, 4 mmol) was 
heated to 100 °C in a distillation setup attached to a 2-necked RB flask under 
N2 flow. A drop of conc. H2SO4 was added as a catalyst. The mixture was 
subsequently heated for 200 °C for 12 h under N2, followed by 260 °C for 10 h 
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and further 4 h under reduced pressure. The mixture was cooled and 
precipitated in MeOH to obtain a black gum. Yield: 700 mg. 1H NMR (CDCl3, 
300 MHz, ppm): δ 8.0 (d, 2H, 3,3’-ArH), 7.49 (t, 2H, 5,5’-ArH), 7.40 (t, 2H, 
4,4’-ArH), 7.19 (d, 2H, 6,6’-ArH), 3.96 (broad, 4H, –O–CH2–), 1.30 (broad, 
4H, –CH2–), 0.86 (broad, 8H, –(CH2)4–); Mn=11200, PDI=1.47. 
Scheme 6.1. Reaction scheme showing synthesis of polyesters. 
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6.2.4. Synthesis of poly(diethylene glycol 2,2’-bibenzoate), 3c 
Same procedure was followed with dimethyl ester of diphenic acid (1, 
500 mg, 1.85 mmol) and diethylene glycol (196 mg, 1.85 mmol) using 
Ti(OPri)4 (5 mg, 0.018 mmol) as the acid catalyst. The heating stages were 
maintained at 180 °C for 4 h, 230 °C for 16 h under N2 and further for 4 h 
under reduced pressure. After polymerization, mixture was dissolved in THF 
and precipitated in MeOH to yield a brown sticky solid. The polymer was re-
precipitated in MeOH. Yield; 250 mg. 1H NMR (CDCl3, 300 MHz, ppm): δ 
7.98 (d, 2H, 3,3’-ArH), 7.48 (t, 2H, 5,5’-ArH), 7.36 (t, 2H, 4,4’-ArH), 7.17 (d, 
2H, 6,6’-ArH), 4.05 (b, 4H, OC–O–CH2–), 3.28 (m, 4H, –CH2–O–CH2); 
Mn=9400, PDI=1.46. 
6.2.5. Synthesis of dimethyl quaterphenyl 2,2’’’’-dicarboxylate, 8 
6.2.5a. Synthesis of biphenyl-4,4’-diboronic acid bis(pinacol) ester, 5 
To a solution of 4,4’-dibromobiphenyl (4, 1.0 g, 3.0 mmol) and 
bis(pinacolato)diboron  (2.03 g, 8.0 mmol) in 1,4-doxane (50 mL), potassium 
acetate (0.94 g, 9.6 mmol) was added. The resulting mixture was degassed 
with N2 for 1 h, before adding Pd(dppf)Cl2 catalyst (235 mg, 0.32 mmol). 
Degassing was continued for 30 minutes and the mixture was stirred at 80 °C. 
After 15 h, reaction mixture was diluted with EtOAc (100 mL), washed with 
water and brine, dried over Na2SO4 and concentrated. Silica-gel column 
purification with 10% EtOAc in hexane yielded the product as a white solid. 
Yield: 1.05 g, 78%. 1H NMR (CDCl3, 300 MHz, ppm): δ 7.90 (d, 4H, ArH), 
7.64 (d, 4H, ArH), 1.36 (s, 24H,–CH3); Mass: M+ 406.4. 
6.2.5b. Esterification of 2-iodobenzoic acid (6) 
To a solution of 2-iodobenzoic acid (5.0 g, 0.02 mol) in methanol (100 
mL), concentrated H2SO4 (0.5 mL) was added dropwise and the solution was 
heated to reflux for 20 h. Reaction mixture was cooled to RT, neutralized with 
NaHCO3 and removed MeOH by rotavap evaporation. The material was 
diluted with EtOAc (200 mL) and washed with water, brine, dried over 
anhydrous Na2SO4 and concentrated to yield the ester 7. Yield: 5.1 g, 96%. 1H 
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NMR (CDCl3, 300 MHz, ppm): δ 8.00 (d, 1H,), 7.80 (d, 1H), 7.39 (t, 1H), 
7.14 (t, 1H), 3.93 (s, 3H, O–CH3). 
6.2.5c. Synthesis of dimethyl quaterphenyl 2,2’’’’-dicarboxylate, 8 
Biphenyl-4,4’-diboronic acid bis(pinacolato)diboron 5 (500 mg, 1.23 
mmol) and methyl 2-iodobenzoate 7 (710 mg, 2.71 mmol) were dissolved in 
toluene (15 mL). Phase transfer catalyst, Aliquat 336 (0.13 mL, 0.2 mmol) and 
an aq. solution of Na2CO3 (1 M, 4.7 mL, 4.72 mmol) were added and degassed 
with N2 for an hour, before the addition of Pd(PPh3)4 (142 mg, 0.123 mmol). 
Degassed the mixture further for 30 minutes and was heated to 100 °C for 30 
h. After the completion of the reaction, the mixture was cooled to RT and
diluted with EtOAc (100 mL). The organic layer was washed with water, 
brine, dried over anhydrous Na2SO4 and concentrated. The crude product was 
purified by silica-gel column chromatography and eluted the product with 8% 
EtOAc-hexane mixture to isolate a yellow solid. Yield: 320 mg, 62%. 1H 
NMR (CDCl3, 300 MHz, ppm) δ 7.86 (d, 2H, -ArH), 7.71 (d, 4H, ArH), 7.55 
(t, 2H, ArH), 7.41 (t, 8H, ArH), 3.68 (s, 6H, O–CH3); 13C NMR (CDCl3, 75 
MHz, ppm): δ 169.15, 142.05, 140.37, 139.45, 131.30, 130.82, 130.71, 
129.86, 128.81, 127.22, 126.65, 51.98; Mass: M+ 422.3. 
6.2.6. Poly(quaterphenyl dicarboxylate–alt–diethylene glycol), 10a 
The polymerization was carried out by reacting dimethyl ester of 
quaterphenyl 2,2’’’’-dicarboxylate (300 mg, 0.71 mmol) with DEG (75 mg, 
0.71 mmol) in the presence of Sb2O3 catalyst (2 mg, 0.007 mmol). The 
reaction mixture was initially heated to 180 °C for 4 h and at 230 °C for 20 h. 
The mixture was then heated to 250 °C under reduced pressure for 3 h. The 
polymer was isolated by dissolving it in CHCl3 and precipitating it from 
MeOH to yield an off white solid. The solid was filtered and dried under 
vacuum. Yield: 120 mg, 35%; 1H NMR (CDCl3, 300 MHz, ppm) δ 7.80 (d, 
2H, -ArH), 7.60 (d, 4H, ArH), 7.48 (t, 2H, ArH), 7.31 (broad, 8H, ArH), 4.15 
(t, 4H, COO–CH2–), 3.34 (t, 4H, CH2–CH2–); Mn = 8600, PDI=1.55. 
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6.2.7. Poly(quaterphenyl dicarboxylate–alt–hexaethylene glycol), 10b 
Similar procedure was followed with HEG (200 mg, 0.71 mmol) and 
Sb2O3 (2 mg, 0.007 mmol) catalyst to isolate the polymer as a brown gummy 
solid; Yield: 54%; 1H NMR (CDCl3, 300 MHz, ppm) δ 7.86 (d, 2H, -ArH), 
7.66 (d, 4H, ArH), 7.53 (t, 2H, ArH), 7.39 (broad, 8H, ArH), 4.24 (t, 4H, 
COO–CH2–), 3.56-3.49 (m, 20H, CH2–CH2–); Mn=15000, PDI=1.5. 
6.2.8. Characterization 
1H nuclear magnetic resonance (NMR) spectra were recorded on 
Bruker Avance AV300 (300 MHz) NMR instrument with CDCl3 solvent. Gel 
permeation chromatography (GPC) was used to determine the average 
molecular weight of polymers on Waters e2695 alliance system equipped with 
Waters 2414 refractive index detector using THF as the eluent at a flow rate of 
0.3 mL/min at 30 °C. Polystyrene was used as standard for calibration. 
Thermal degradation studies (TGA) were studied with a SDT 2960 TA 
Instrument. Samples were heated from 25 to 800 °C at a heating rate of 10 
°C/min under N2 atmosphere. Differential scanning calorimetry (DSC) 
measurements was done using a Mettler Toledo DSC1 STARe System at 10 
°C/min under nitrogen atmosphere. Surface morphology of the dropcasted film 
was studied using JEOL JSM-6701F field emission scanning electron 
microscope (FESEM).  
6.3. Results and Discussion 
Aromatic-aliphatic polymers are often plagued with insolubility which 
poses a challenge in synthesizing polymers with high molecular weight. Melt 
transesterification method allows for the successful synthesis of such type of 
polyesters due to the absence of solvents and purification steps. 
6.3.1. Synthesis and characterization 
The well-established synthetic melt polycondensation route consists of 
two consecutive steps: trans-esterification and subsequent polycondensation 
under reduced pressure. Scheme 6.1 shows the synthetic scheme of the 
polymers according to the literature procedures. For the biphenyl polyester 
series dimethyl ester of biphenyl 2,2-dicarboxylic acid was reacted with 
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equimolar amounts of 3 different diols – pentamethylene diol, octamethylene 
diol and DEG. It was found that 1 mol % of Ti(OPri)4 acts as a good acid 
catalyst for transesterification and polycondensation reactions. In the case of 
3b the polymerization was successful with catalytic H2SO4. Reaction under 
reduced pressure yielded polymers with high molecular weights. 
For the synthesis of quaterphenyl series, the aryl monomer, 
quaterphenyl diester was prepared by Suzuki coupling of biphenyl-4,4’-
diboronic acid bis(pinacolato)diboron, 5 with methyl 2-iodobenzoate. The 
dimethyl ester of aryl monomer 8 was then reacted with two different diols – 
DEG and HEG - by a two-step condensation process in the presence of acid 
catalyst. With the use of Ti(OPri)4 catalyst polyesters with low molecular 
weights (< 5000 Da) were obtained. However the molecular weight was 
improved when antimony catalyst (Sb2O3) was used, which is more reactive 
than titanium catalyst. Equimolar mixtures of monomers were taken and the 
reactions were carried out at 180 °C for 3 - 4 h under N2 where trans-
esterification takes place and then was heated to 230 - 250 °C for over 15 h 
followed by heating under reduced pressure for about 4 h for complete 
polycondensation. The reactions afforded a molecular weights ranging from 
9000 to 15000, as determined by GPC analyses. Although the polymerization 
follows living condensation route, polydispersities of all polyesters were well 
below 1.5, which were obtained after repeated precipitation in MeOH. 
The structures of the polyesters were confirmed by 1H NMR analyses, 
which show the aromatic and aliphatic protons in 1:1 ratio, corresponding to 
the expected structures. For biphenyl polyesters (3a, 3b, 3c) the aromatic 
protons are in the region 8.0 to 7.1 ppm and the splitting pattern corresponds 
to the biphenyl protons. In the alkyl region the –CH2- protons linked to the 
ester carbonyl group show up at 4.0 ppm and the inner alkyl groups are seen 
below 1.3 ppm.  Similarly for quaterphenyl polyesters the aromatic protons are 
seen between 7.8 and 7.3 ppm and the corresponding ethylene glycol alkyl 
protons are observed at 4.2 and 3.4 ppm for both 10a and 10b. The NMR 




Figure 6.2. 1H NMR analyses of polyesters 3a-c and 10a-b. 
6.3.2. Thermal properties 
The DSC thermograms for the polyesters were obtained by heating 
from 40 to 280 °C under N2 at a rate of 10 °C min-1, followed by cooling at 
the same rate. Apparently all polyesters were found to be amorphous and the 
DSC thermograms did not show any transition peaks except the glass 
transition temperatures (Tg). This implies that these polyesters are difficult to 
crystallize and remain largely amorphous. Quaterphenyl polyester 10a with 
shorter DEG alkyl chains show higher Tg (79 °C) than its HEG analogue, 10b 
(Tg = 5 °C). The longer alkyl chains in 10b induce greater flexibility in 
polymer chain thus lowering its glass transition temperature. With a Tg of 5 
°C, this polymer was in the rubbery state at ambient temperature, while 10a is 
an amorphous solid. Similar trend was observed in the case of biphenyl 
polyesters. The polymer with shorter alkyl chain, 3a has a Tg of 16 °C which 
was comparable to that of its DEG counterpart, 3c (Tg = 19 °C) owing to 
similar alkyl chain length. Apparently, the longer alkyl chains in case of 3b 
further increased the flexibility of the polymer chain, lowering its Tg to 








temperatures. The DSC thermograms of the polymers is shown in Figure 
6.3(A). 
Figure 6.3. (A) DSC thermograms and (B) TGA curves of polyesters. 
Table 6.1. Thermal properties of the polyesters compared to PET and other 















PET 82 255  146 396 21, 22
BB-5 43 173 212 86 196 NAb 23, 24
BB-6 40 210 240 154 223 385 25
BB-8 34 195 160 180 NAb 25
BB-DEG 42 201  186 375 26, 27
3a 16 340 
3b –11 367 
3c 19 341 
10a 79 370 
10b 5 366 
*T1 corresponds to the crystal to LC transition and T2 is LC to isotropic
transition;  
a Tm and Tc are the melting and crystallization temperatures respectively; 
b NA – not available. 
Figure 6.3(B) demonstrates the thermal degradation curves of the 




polymers were thermally stable up to 350 °C and showed single step 
decomposition. The temperatures at which 5% of the weight loss was observed 
(T5%) are given in Table 7.1. The degradation pattern is similar to the other 
polyesters known in the literature, where the polymers showed single 
decomposition temperatures. In comparison with PET and linear biphenyl 
polyesters, T5% of the synthesized polyesters is decreased, highlighting the 
absence of crystallinity and packing. 
Thermal properties such as Tg, melting (Tm) and cooling temperature 
(Tc) and T5% of some of the similar polyesters from the literature are shown in 
Table 7.1 for comparison with the synthesized polyesters. It can be noted that 
PET shows a single melting (or cooling) transition, while the mesogenic 4,4’-
bibenzoate polyesters show more than one heating or cooling peaks (T1 and 
T2) due to the changes in LC phase. No such transition peaks are observed 
with polyesters 3a-c or 10a-b due to the absence of any crystalline phases. 
6.3.3. Optical properties 
The UV absorption and emission spectra of one of the quaterphenyl 
polyesters, 10a is shown in Figure 6.4. Owing to the presence of fluorescent 
quaterphenyl core, the polyester shows 2 absorption peaks of similar intensity 
at 280 nm and 297 nm in both CHCl3 and THF. Similar absorption peaks were 
observed for polymer 10b (not shown here) owing to same quaterphenyl 
backbone. Both polymers emit strongly in the blue region with emission peaks 
observed at 377 and 389 nm, respectively in THF and CHCl3. Similar 
absorption and emission peaks have been observed (280 and 385 nm, 
respectively) for the 4,4’’’’-substituted quaterphenyl block polymers 
connected by ether linkages reported earlier by Wagner et al.28  
In the solid state no significant red shift was observed (Figure 6.4 B). 
However, a hump at 396 nm, in addition to the peak at 384 nm indicates 
considerable aggregation in the solid state. Janecke et al have shown that 
conjugated materials form intermolecular aggregates or excimers and the 
luminescence of these materials is due to the aggregates with reduced quantum 
efficiency.29 The emissive properties of these polyesters may render them 




Figure 6.4. UV-Vis and emission spectra of polymer 10a (A) in CHCl3 and 
THF (B) in solid state. 
6.3.4. Morphologies of polyesters 
Rigid-rod flexible-coil linear polymers show interesting self-
assembling properties. Fully aliphatic amphiphilic linear polyester such as 
poly(tetraethylene glycol succinate) self-assemble into micellar morphologies 
in water30 whereas the wholly aromatic polyesters are mainly liquid 
crystalline.31 The introduction of oligo(ethylene glycol)s of varying lengths in 
the main chain aromatic polyester by Lenz et al32 and Meurisse et al11 was 
successful in synthesizing aromatic – aliphatic polyesters with LC properties 
that exhibited nematic or smectic phases. Over the last decades a number of 
aryl-alkyl polyesters containing biphenyl, terphenyl as the rigid core have 
been synthesized with interesting mesogenic properties.25, 33, 34 A linear 
polyimide synthesized by Ramakrishnan et al from pyromellitic anhydride and 
HEG self-assembled by folding in the presence of a folding agent with a 
naphthalene donor linked to an ammonium group.35 While the naphthalene 
moiety interacted cooperatively with aromatic group forming a stacked 
structure, the ammonium cation complexes with hexaoxyethylene spacer 
aiding the charge transfer between a naphthalene donor and a pyromellitic 
diimide acceptor in the polymer. 
The synthesized polyesters with molecular kinks, however, are 
amorphous in nature due to the lack of regular packing and as a result did not 
show extensive morphologies. Nevertheless, the quaterphenyl polyesters 10a 
and 10b showed fiber like formations upon drop casting a solution of 




solution of 10a in 10% CHCl3-MeOH mixture on a glass plate and slow 
evaporation formed fibrous morphologies in addition to spherical particles 
(Figure 6.5A). The diameter of both the fibers and particles was found to vary 
between 300 and 500 nm. At 10% solvent ratio the formation of particles is 
predominant and only a minor amount of fibers formed. However, when the 
MeOH ratio was increased from 10% to 40% gradually, the formation of 
fibers became more dominant and lesser particles formed (Figure 6.5B). 
Further increase in MeOH ratio resulted in precipitation of polymers and no 
good morphologies seen. When MeOH was replaced by ethanol or 
isopropanol, similar fiber like morphologies were formed by drop-casting, 
however, only a fewer fibers were formed. 
 
 
Figure 6.5. FESEM images of polyester 10a (A,B) and 10b (C,D) in (A,C) in 
10% CHCl3-MeOH (B,D) 40% CHCl3-MeOH solvent mixtures. 
Similar fiber morphologies were formed with polyester 10b using 
CHCl3-MeOH solvent mixture (Figure 6.5 C,D). Due to the longer alkyl 
chains compared with that in 10a, the morphologies were less regular and no 
particle formation was observed along with fibers. In contrast to the previous 





structures. Instead, it formed crystal-like chains connected in linear fashion. 
The fibrous morphology in these two polymers is considered to be originated 
from the rigid and long aromatic backbone, which is also hydrophobic and 
tries to rearrange itself when a polar hydrophilic solvent such as MeOH was 
introduced. As the MeOH fraction was increased the solubility of polymer in 
the solvent mixture is reduced and higher number of hydrophobic rods 
aggregate into long fiber like chains. In the case of polyester 10b, the lower Tg 
does not favor the formation of such morphologies. 
6.4. Conclusion 
The present study is designed to synthesize aryl-alkyl polyesters with 
molecular kinks in the polymer backbone in order to compare their structural 
properties with linear analogues. Two different series of polyesters, each with 
biphenyl and quaterphenyl units were synthesized by step-growth 
condensation polymerization with different diols connected by aryl ortho 
(2,2’) positions. The polymerization was carried out by stepwise 
transesterification and polycondensation reactions in the presence of titanium 
and antimony acid catalysts and the polymers were isolated with high 
molecular weights and narrow polydispersities. The laterally connected 
polymer backbone however results in complete loss of crystallinity and 
packing in the resulting polymers. As a result DSC thermograms of polyesters 
showed no transition peaks except glass transition temperatures. In addition 
the polyesters with quaterphenyl backbone showed interesting fiber like 
morphologies in CHCl3-MeOH mixture and the formation of fibers was found 
to be proportional to the volume ratio of MeOH. 
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The principal aim of the study was to explore the adsorption capacities 
of primary and secondary amine functional polymers towards organic and 
inorganic pollutants in water and thus introduce novel materials towards water 
treatment processes. Amine groups are widely known to possess excellent 
adsorption properties via electrostatic interactions and metal-ligand 
coordination. The adsorption experiments carried out so far make use of 
natural polymers or surfaces, which are chemically modified with different 
functional groups such as amines, carboxylates and thiols in order to improve 
their extraction capacities. Herein were prepared synthetic polymers with 
amine groups using simple synthetic methods such as free radical and 
controlled radical polymerizations and demonstrated the extraction 
efficiencies using liquid-liquid extraction methods.  
In Chapters two and three, well-known radical polymerization methods 
– ATRP and RAFT – along with click chemistry were used to prepare well-
defined, stable and solution processable amphiphilic block copolymers with 
primary and secondary amine end groups. The ratio of the hydrophobic and 
hydrophilic groups were optimized in order to improve solubility with 
maximum possible amine content. Extraction capacities of these polymers 
were measured towards Ag and Au nanoparticles, lead and chromium metal 
ions and organic dyes such as Brilliant Blue and Neutral red by liquid-liquid 
extraction method. It was noted that block copolyamines showed high 
extraction capacities towards citrate capped metal nanoparticles than PVP-
coated ones and anionic dyes than neutral dyes, thus suggesting the 
electrostatic interactions as the most favorable mode of extraction. Extraction 
kinetics in all the experiments were studied in detail and it was shown that all 
the extractions followed a pseudo-second order kinetics.  In addition, the 
morphologies of the block polymers by drop-casting in different solvents was 
studied. It was shown that in CHCl3, the block polymers form a regularly 
structured honeycomb morphologies whereas in polar solvents such as THF 
and DMF these form spherical particles. 
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Also explored were the synthesis of polyamines using dispersion 
polymerization to form regular microparticles with sizes ranging from 3-7 m 
as described in Chapter four. This method facilitated in preparing solid 
adsorbents with known amount of functional groups on the surface. The amine 
content was varied by reacting with different amines and the adsorption 
experiments were performed with metal ions and nanoparticles as well as 
organic dyes. Similar to our previous observations with block copolymers, the 
amineparticles showed high extraction efficiencies of 91.3, 34.9, 110.9 and 
32.1 mg/g for Ag-Cit, Ag-PVP, Au-Cit and Au-PVP, respectively. In addition, 
the adsorption of different pollutants followed an increasing trend with 
increasing amine content on the amineparticle surface. The adsorption of 
nanoparticles on the solid surface was also visualized by SEM analysis where 
the adsorbed nanoparticles were aggregated on the microparticle surface. 
Kinetics studies were done in detail to further understand the adsorption 
process and it was shown that all adsorptions, in general, followed a pseudo-
second order kinetics. Langmuir and Freundlich isotherm models were used to 
validate the adsorption process. Apart from the adsorption process, the PEI-
modified amineparticles were used for the synthesis of silver and gold 
nanoparticles on the surface without any external reductants. This process is 
useful in preparing nanoparticles on any surface which can be further used in 
catalyzing different reactions, as demonstrated by the reduction of p-
nitrophenol by NaBH4. 
Chapter five introduces a facile method to form polyurea films at the 
liquid-liquid interface using a crosslinking reaction between amines and 
diisocyanates. The changes in the surface morphologies and film properties 
with respect to the concentration and nature of the amines are systematically 
studied with SEM and AFM analyses. When low molecular weight 
polyamines were used as reactants spherical and tubular structures were 
formed due to diffusion, in contrast to polymeric PEI reactants, in which case 
no such morphologies were observed. It was noted that the diffusion rate of 
molecules across the film is proportional to the thickness of the film. In 
addition, the reactivity of amines on the film surface was explored by 
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synthesizing Au NP’s on the surface without the use of any external 
reductants.  
Chapter six presents a synthesis of a series of polyesters with kinks 
formed by condensation of aromatic ortho dicarboxylates with different alkyl 
diols. Two series of polyesters were synthesized using biphenyl and 
quaterphenyl as the aromatic rigid units with different alkyl spacers and were 
characterized using NMR and GPC analyses. Higher molecular weight 
polymers were obtained with relatively narrow polydispersities. Polyesters 
with quaterphenyl units showed interesting fiber like morphologies after 
dropcasting in CHCl3-MeOH mixture and the fraction of fibers formed are 
found to be proportional to the volume fraction of methanol, thus 
demonstrating the arrangement of aromatic core due to hydrophobic-
hydrophilic interactions.   
7.2. Future studies 
Design of new polymeric materials, optimization of synthetic 
parameters and exploration of their adsorption properties have been discusses 
in this thesis. Polymers rich in amine functionalities are known as good 
adsorbents for most of the pollutants in water. However their applications are 
limited only to small scale research owing to difficulties in large scale 
synthesis. Some of the methods to prepare polyamines with facile synthetic 
methods which can be scaled up conveniently are explained in the thesis. 
Nevertheless, more robust and economical approaches are necessary in order 
to prepare amine polymers in industrial scale. In addition, designing polymers 
for selective adsorption of certain pollutants is essential to systematically 
explore the reactivity of the adsorbents. Also, some of the engineering 
parameters including the effect of pH, recyclability and regeneration speed 
and waste management are critical in large-scale water purification processes 
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